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SECTION 1.
STATEMENT OF PROJECT OBJECTIVES:

The initial middle and upper tropospheric cloud studies performed
under this MNASA grant had multiple objectives. These objectives may be
summarized as follows: studies of spatial and temporal occurrence of
extended middle and upper tropospheric cloud layers; development of a
phy¥sical-numerical model to simulate the life cycles of middlie and upper
tropospheric cloud larers; and the design of an observational program to
study the physical, radiative and dynamical properties of these cloud
lavers.

Our initial intent was to study the spatial and temporal extents of
middle and upper tropospheric cloud layvers using both rawinsonde data and
satellite visible and infrared imagery. We successfully completed the
rawinsonde summary but found the satellite archives available to be
lacking in the time continuity required for =zuch a study. Section 2
reproduces the resuits of the analysis derived from rawinsonde data.

Much of the resources of this grant have gone into the development of
a2 two dimensional model of the middle and upper tropospheric cloud tayer.
The two dimensicnal model is nearly complete and has passed many of the
regquired validation tests. Final validation and utilization of the model
is only a few months away. Section 3, a portion of a Ph. D. thesis being
prepared by Mr. David Starr, presents a detailed explanation of the model
and its development to date.

One of the specific objectives of this grant was the design of an
experimental program tc compiement the climatological and modelling
objectives presented in Sections 2 and 3 and referred to above. Section 4
af this final technical report presents the model design for such a
program in proposal form. This proposal is being submitted to NaSAH
concurrently with this report with the aim of implementing such a proaram
of observations within the next two years.

Section 3§ of thic report is a reprint of a paper published in Applied
Optics on the variability of the radiative properties of ice clouds across
the solar wavelengthe. This work was a precurser to the selection of a
realistic, simplified solar radiation algorith for the two dimensional
ph¥sical—-numerical model described in Section 3.




Section & is composed of a copy of the Ph. D. thesis of Michael Abel.
Dr. Able is a member of the Air Weather Service who attended Colorado
State University from 1278 - 1980. ©Dr. fAble, under the guidance gof the
principal investigator, pursued a research topic closely identifiable with
the longterm objectives of the middle and upper tropospheric cloud grant.
Dr. &able developed an unconventional method of collecting a climatology of
the effects of middle and upper tropospheric clouds on the radiative
energy budget of the earth. Cloud height and a composite area-radiative
property may be inferred from his technique as well. Dr. Able was
supported under this grant only to the extent of covering research
gxpenses such as computer time, materials, manuscript preparation and
correcspondence since his salary wacs paid by the aAir lUeather Service.

fpopendix 1 of this report lists publications and meeting
presentations prepared from material generated by research conducted under
NASS grant 33477
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ABSTRACT

This study characterizes the static environment of middle and
upper tropospheric clouds as deduced from rawinsonde data from 24 Toca-
tions in the contiguous U.S. for 1977. Computed relative humidity with
respect to ice is used to diagnose the presence of cloud layer. The
deduced seasonal mean cloud cover estimates based on this technique are
shown to be reasonable. Over 3600 cloud cases qualified for the analy-
sis. The cases are stratified by season and pressure thickness, i.e.
thick and thin. The dry static stability, vertical wind speed shear
and Richardson number are computed for three layers for each case, i.e.
the sub-cloud and above cloud layers and an in-cloud layer bounded by
the cloud-top level. Mean values for each parameter and, in some in-
stances, the corresponding relative frequency distributions are pre-
sented for each stratification and layer. The relative frequency of
occurrence of various structures is presented for each stratification,
e.g. increasing static stability with height through the three layers.

The observed values of each parameter vary over quite large ranges
for each layer. The observed structure of each parameter for the
layers of a given case is also quite variable. Structures correspond-
ing to any'of a number of different conceptual models, which are re-
viewed, may be found though some are substantially more common than
others. It is of note that moist adiabatic conditions are not commonly
observed and that the stratification based on thickness yields sub-
stantially different results for each group. Summaries of the results

are included in the text.
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1. INTRODUCTION

This study attempts to characterize certain aspects of the envi-
ronment associated with middle and upper tropospheric stratiform clouds.
The results will be utilized in the development of simple realistic
models of the thermodynamic energy budgets of these cloud forms in a
future study. The models will be used to investigate the role of
various physical processes in the formation, maintenance and dissipa-
tion of these clouds. The motivation for studying these cloud forms is
based on two factors. The first is that these clouds cover very exten-
sive areas of the earth at any given time. Secondly, clouds are the
most significant atmospheric constituent affecting the distribution of
radiative energy loss or gain in the earth-atmosphere system. In other
words, relative changes in cloud cover or cloud optical depth within a
typical atmospheric column may lTead to larger changes, both in the
vertical distribution of net radiative energy gain within that column
and in the corresponding surface radiative budget, than do similar
relative changes in the concentration of any other constituent, (e.g.'
Starr, 1976). Middle and upper tropospheric clouds tend to more sub-
stantially alter the vertical distribution of net radiative energy gain
than low level clouds, (e.g. Starr, 1976). The horizontal and vertical
gradients of the net radiation budget comprise the basic forcing func-
tion governing the general circulation of the atmosphere.

Much attention has been focused on the simulation of the general
circulation and climate modelling in recent years, (e.g. U.S. Committee
for the GARP, 1978). A number of general circulation models have been

developed by various groups, (see reviews by ISCU, 1974 and Starr and
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Cox, 1977). The sensitivity of such models to variations in both the
prescription of radiatively active constitueﬁts and radiative boundary
conditions and in the formulation of the specific radiative scheme is
well documented, e.g. Stone and Manabe, 1968; Washington, 1971;
Schneider, 1975, Fels and Kaplan, 1975; Schneider et al, 1978. Numer-
ous simple energy balance climate models have also been developed, e.qg.
Budyko, 1969; Sellers, 1969. The model simulations of mean climate
state and its variability are also quite sensitive to the radiative
component, e.g. Budyko, 1969; Sellers, 1969; Warren and Schneider,
1979; Coakley, 1979. Based upon the above studies, it is expected that
the method of incorporating the effects of middle and upper tropospheric
cloud forms into the climate simulations has a significant effect on the
results. However, the methods of incorporating the effects of strati-
form clouds in these models are generally of a very simple nature.

The least complex methods utilize estimates of mean climatological
cloudiness and coarse estimates of mean cloud radiative properties to
prescribe these factors for thé radiative component of the model. The
most sophisticated methods utilize the model predicted relative humid-
ity to predict the cloud cover but still employ estimates of mean
radiative properties. The method of predicting stratiform cloud cover
is generally based on an empirically derived linear relationship be-
tween relative humidity and cloud cover. Typically, the relationship
used is similar to that reported by Smagorinsky, (1960), which was
based on analysis of synoptic data. A requirement for sufficiently
large and positive, model predicted, large-scale vertical velocity is

also typically used to constrain the diagnosis of cloud cover.
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The reason for utilizing such simple methods for the diagnosis of
cloud cover and cloud properties in these models is two-fold. First,
simplicity is highly desirable in order to minimize the computational
requirements for the simulations. This is particularly true for the
general circulation models. The limited computational capability avail-
able for model simulations dictates the use of parametric diagnosis of
stratiform cloudiness, since the horizontal and vertical resolution of
the models is limited. Secondly and more importantly, quantitative
information on both the actual areal extent and variability of such .
clouds and their associated radiative properties in the atmosphere is
sparse. Possible relationships between these quantities and other
observable atmospheric parameters are even less well-known. On a more
fundamental level, the basic physics of these clouds is not well under-
stood. Relationships between the role of various physical processes
and the physical environment in which they act have not been quantita-
tively assessed in any universal sense though a few limited case
studies have been reported, e.g. Heymsfield, 1977. These issues have
been addressed in the report of the JOC AD HOC Working Group on activa-
tion of the STRATEX Programme (7 January 1977). The aim of this study
is to provide quantitative information which will aid in achieving a
better understanding of the atmospheric environment associated with
these cloud forms, the role of various physical processes in the life-

cycle of these clouds, and their areal extent.
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2. DATA ANALYSIS METHODOLOGY

By utilizing synoptic scale rawinsonde data this study investi-
gates the static stability and the vertical wind shear associated with
middie and upper tropospheric clouds. In this way the relative appli-
cability of a number of simple conceptual models may be assessed.

These conceptual models are summarized below.

2.1 Brief Review of Conceptual Models

The classical view of the environment associated with these cloud
forms is depicted in Figure 1. In this view, the clouds are formed in
an upgliding air mass above an elevated frontal zone. Vertical motion
is positive above the frontal surface and negative below it. Adiabatic

cooling due to Tifting of the air mass is responsible for the existence

of large-scale saturation. The stability of the cloud layer is deter- .

mined by its pre-condensation stability and the amount of 1ifting.
Sufficient 1ifting of a layer, which is initially only moderately
stable, will produce unstable conditions. Once an unstable layer is
produced, the tendency is for this layer to deepen, especially if the
1ifting persists. Since the vertical motion in the lifted air mass is
greatest near the frontal zone, the cloud layer will generally form
just above the front. Thus, the cloud Tayer is bounded below by a
very stable layer. If unstable conditions are achieved, then vertical
convective circulations may develop as in altocumulus clouds. These
circulations are generally presumed to be weak, though Heymsfield
(1977) reports that this may not always be the case. Strong vertical

shear of the horizontal wind is anticipated across the frontal zone

u
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Figure 1. Classical model of the environment associated with middle

and upper tropospheric clouds. Arrows indicate air motion
relative to the front.
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below the cloud layer. This was found in a study by Reuss (1967) of
cirrus bands formed along frontal surfaces.

Another viewpoint may be found in the observations reported by
Ludlam (1947, 1956), Oddie (1959), Yagi (1969), and Heymsfield
(1975a,b). These studies report on the atmospheric environment
associated with a few cirrus uncinus cloud cases. A very unstable
layer, i.e. an approximately dry adiabatic lapse rate, is associated
with the formation of a cloud head. A stable, capping layer, which
may corresbond to a frontal zone is sometimes observed. However, there
is some disagreement about this being a universal feature. Another
stable layer bounds the formative region from below, and again, there
is disagreement about the stability of this layer. Heymsfield's ob-
servations show this layer to be very stable, while Yagi's observations
show it to be slightly more stable than the formative zone. Thus, in
one instance, the environmental conditions may correspond to the
classical view, except possibly for the stable capping layer, while
in another the presence of a sub-cloud frontal zone is not indicated.
Heymsfield points out that vertical shear of the horizontal wind speed
appears to be important in the formation of these clouds, though either
positive or negative shear may be present. Heymsfield also notes that
the Tocal vertical motion field responsible for the formation of the
cloud may be due to wave motion, i.e. gravity waves, originating in
the bounding\stab1e layer. If this is correct, then large-scale verti-
cal 1ifting may not be required for cloud layers to form. There is
also some question as to the origin of these structures.

It is also possible that in the later stages of the life-cycle of

an elevated frontal zone, when its stability has been diminished by
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diffusion and turbulence, that simple mixing across the front of warmer,
moist air from above and cooler, not too dry air from below may lead

to saturation and condensation. This would be somewhat analogous to

the formation of radiation fog. Both vertical shear and stability
would tend tQ be maximized within the cloud layer relative to condi-
tions above or below the cloud. No large-scale 1ifting would be re-
quired.

Persistence of clouds formed by outflow from deep convection may
also be responsible for the existence of extensive cloud layers. This
may be readily observed in satellite photos. In this instance, large-
scale uplift may not be involved in the maintenance of the cloud.
There is probably a strong tendency for a stable capping layer since
such a feature could play a role in initiating the outflow.

Upper level stratiform clouds are not always directly associated
with frontal discontinuities. Orographic cloud forms are a prime ex-
ample, (e.g. Ludlam, 1956). In this case, the vertical motion field
is not due to large-scale uplift but to the flow adjusting to an
impedence below. Condensation brought about by adiabatic cooling
destabilizes the region about cloud base and stabilizes the region
above}cloud top, relative to the situation at these levels before
lifting. The stability of the internal portions of the cloud layer
is a function of the pre-lifted stability and the amount of Tifting,
i.e. larger amplitude waves produce greater instability. Quite large
vertical shears may be associated with the region below the cloud
layer as indicated by the presence in many instances, of extreme
turbulence and rotor clouds in this region. Another example may be

the jet stream cirrus. Although in some instances, these clouds are
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undoubtedly associated with the elevated frontal zones coupled with
jet streams, Conover (1960) suggests that they may be driven by verti-
cal circulations arising from horizontal vortices due to the jet flow.
Though' the cloud patterns are observed to closely parallel temperature
discontinuities, which are probably associated with old fronts, in some
cases they are observed to exist well above these discontinuities. ‘The
tropopause may act as a stable capping layer for these clouds. The
magnitude of the vertical shear of the horizontal wind should be a
minimum hear the region of cloud top.

Clouds do form in a lifted air mass well above the frontal zone.
This is substantiated not only by Conover's observations, but also by
the commonly observed growth of jet contrails into cirrus layers. Thus,
1ifting may produce saturation well away from the front. Heymsfield
(1977) has noted that local upward vertical velocities play a large
role in the formation of these clouds. However, since the 1ifting is
weak away from the front, and the jet induced vortical circulations
may not always be present, it may be hypothesized that clouds of these
types form in layers where the air was initially somewhat unstable so
that convective currents might form.

One feature of all the stratiform clouds, which is universal, is
that condensation acts to destabilize the region about cloud base and

stabilize the region above cloud top.

2.2 The Basic Data Set

For these analyses, rawinsonde data from 24 continental U.S.
stations for the year 1977 were used. The stations were chosen so

that a roughly uniform geographical distribution over the continental
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U.S. between 30°N and 50°N latitude was obtained. These stations are
depicted in Figure 2. Only 0000 and 1200 GMT sondes were used. Thus,
the total basic data set is comprised of ~17,500 sondes. The National
Center for Atmospheric Research provided the basic rawinsonde data on
mass storage for easy access by computer. The data from a particular
sonde are comprised of the temperature, relative humidity, geopotential
height, wind direction and wind speed at various pressure levels. All
standard pressure levels, i.e. 50 mb resolution, and all significant
levels are included in the basic rawinsonde data. For this data set,
the mean vertical resolution is ~30 mb for the domain of interest, i.e.

surface level up to the 200 mb level.

2.3 Data Processing and Analysis Procedures

For the purposes of these analyses, an atmospheric layer, which is
saturated with respect to ice, is taken to be a cloud layer. The
justification for this assumption is given in the following section.

At that point, the validity of utilizing rawinsonde measured relative
humidity for these analyses is also assessed.

The basic data set was divided into seasons. In this study, the
summer season corresponds to the months of June, July and August; the
fall season corresponds to the months of September, October and
Nbvember; the winter season corresponds to the months of December,
January and February; and the spring season corresponds to the months
of March, April and May. Al1 data for each season for all stations
were grouped together, i.e. no regional analysis or time of day dis-
tinctions were attempted. Regional characteristics of the overall data

set will be addressed in a future study already in progress. Each
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sonde in a seasonal group was considered to determine if a cloud layer
was present.

For these analyses, only data at pressures less than or equal to
500 mb were considered. There is one exception to this, which will be
noted later. In addition, only data at pressures less than the Towest
pressure having a temperature greater than 0°C were considered. Thus,
this study is limited to high level clouds, which are predominantly
jce-phase. Relative humidity data at temperatures less than -40°C do
not exist in the basic data set. The analysis for a particular sonde
'was terminated at this level.

List (1966) presents values for the ratio of the saturation water
vapor pressure with respect to water to the saturation vapor pressure
with respect to ice as a function of temperature, T. These data are a
good approximation to the ratio of the relative humidity with respect
to ice, RHi’ to the relative humidity with respect to water, RHw' The
data were fit with a second order polynomial. These data and the poly-
nomial fit are presented in Figure 3. At each data level considered,
this polynomial was used to compute the relative humidity with respect
to ice from the observed temperature and relative humidity. Note that
the observed relative humidity is referenced to water and that the data
being considered correspond to temperatures between 0°C and -40°C.

For each sonde, all data levels in the pressure and temperature
domain noted above, were searched for saturation with respect to ice,
i.e. RHi > 100%. Any saturated layer was denoted as a cloud Tayer.

If only one saturated level was found, it was still considered to be a
cloud layer. If saturation was found at the lowest data level in the

analysis domain, the analysis domain was extended in order to locate
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Figure 3. Plotted points represent the ratio of the saturation water
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surface as a function of temperature (after List, 1966).
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in this study for the ratio of relative humidity with
respect to ice to relative humidity with respect to water,
i.e. RHi / RHw, and its inverse.
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cloud base, i.e. the lowest saturated level below the 500 mb or 0°C
level without any intervening unsaturated levels. If positive tempera-
tures were encountered in the attempt to locate cloud base, then the
observed values of RHW were used to test for saturation, i.e. RHw >
100% for T > 0°C.

When a cloud layer was determined to be present, three layers were
defined for these analyses. They are the over-cloud layer, the cloud-
top layer and the sub-cloud layer. The over-cloud layer is defined by
the uppermost saturated Tevel and the next higher level, which is un-
saturated. The cloud-top layer is defined by the uppermost satﬁrated
level and the next lower level, which may not be saturated if only one
saturated level was encountered. In most cases, at least two adjacent
saturated levels were found. Note that the over-cloud layer and the
cloud-top layer share a common boundary. The sub-cloud layer is de-
fined by the lowest level at which saturation is found, i.e. no in-
tervening unsaturated levels between this level and the cloud-top
level, and the next lower level, which is unsaturated. However, in
the case of a cloud layer which is defined by only one saturated level,
the sub-cloud layer is defined to be the layer adjacent to and below
the cloud-top layer. If any dataweremissing, i.e. T, RHW, height,
wind direction or wind speed, for the levels needed to define these
layers, the case was eliminated from the analyses. For each of these
three layers, three quantities were computed, namely: the dry static
stability, the vertical shear of the horizontal wind speed and the
atmospheric analog of the Richardson number.

Dry static stability, o, corresponds to the vertical derivative

of potential temperature, 0, i.e.
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where z is the height. The potential temperature is given by Poisson's

equation:

-K

3G

where P is the pressure, P0 is a constant reference pressure and k is

a constant. Equation (2.1) was evaluated for a given layer as:

(2.2)
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where T' is the temperature lapse rate for the layer, Fd is the dry

adiabatic lapse rate and P is the mean layer pressure. If the upper

level of a layer is denoted as the nyl level and the lower level of a

layer is denoted as the (n-])ED-]eve1, the formulae used to evaluate

Egn. (2.2) are:

ro- (Tpoy = T
Zo- 7,4
(P +P )
7 o= n n-1
and P 5
where Fd = 9 =938 °K/km,

p
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P = 1000 mb
R
and Kk = C—Q = (.288
p

where g is the acceleration due to gravity, Cp is the specific heat of
dry air at constant pressure and Rg is the real gas constant for dry
air. The dry static stability is a measure of the stability of parcels
within a layer to small vertical displacements. It quantifies the
potential buoyancy force acting on a parcel. A more accurate measure
of the stability might be obtained by also considering the vertical
derivative of equivalent potential temperature, Oe, (e.g. Hess, 1959).
However, for the temperature domain of this data set with its corre-
spondingly small values of the saturation vapor pressure, Oe very
nearly equals ©. Thus, dry static stability is a good approximation
to the stability in this domain.

The vertical shear of the horizontal wind speed, S, for a layer

was computed as:

where | Vn | is the horizontal wind speed at pressure level n. Wind
direction has been ignored for the consideration of vertical wind
shear in this study. A number of detailed case studies of extensive
altostratus and cirrostratus cloud layers by one of the authors led

to the conclusion that directional shear is generally small even in
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the vicinity of elevated fronts associated with the cloud layers con-
sidered. It is for this reason because of a desire for simplicity :in
the analyses that wind direction is not considered here.

The Richardson number, R, for a layer was computed as:

=
i
f‘g
—
no
ey
~——

@l
w
N

where the mean Tlayer potential temperature is given by:

The Richardson number is a non-dimensional number, which corresponds
to a ratio of the buoyancy forces to the mechanical forces, i.e. shear
stress, acting on a parcel. It is a measure of the production and
dissipation of turbulent kinetic energy. Large values of R imply that
turbulent kinetic energy is quickly damped, i.e. dissipated, in the
mean flow. Small values of R, i.e. R ¢~ 0.25, imply that the turbu-
lent kinetic energy imbedded in the mean flow is maintained by the
mean flow, i.e. production is greater than or equal to dissipation.
Clear air turbulence occurs when a small Richardson number is observed
for the mean flow.

We chose to analyze these parameters for a number of reasons.
First, they are easy to compute and readily accessible from the basic
data set. Second, they enable the identification of typical atmo-

spheric structures, which may be associated with these cloud forms,
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e.g. frontal zones, on an automated basis. This eliminates the need to
analyze weather maps, which would greatly increase the difficulty and
time required to accomplish a survey as extensive as this one. Third,
they characterize the static environment associated with these layers.
Note that the importance of horizontal advective processes in the 1ife-
cycle is currently being evé]uated with this data set. Fourth, know-
ledge of the typical static stability structure associated with cloud
forms is very useful in the design of simple thermodynamic budget
models of stratified cloud layers, e.g. Schubert (1976) and Albrecht,
et al (1979). Also, information on the turbulent kinetic energy budget
of a cloud layer is important for design and closure of parametric
models of convective energy transports within a layer.

For each layer for each season, frequency distributions were ob-
tained for each parameter. Mean values and standard deviations were
also computed. Structure information was compiled based on comparison
of the values for each layer of a particular cloud case. Many differ-
ent stratifications of the cloud case data set were attempted. Most
turned out to be not very useful. However, stratifying the data on
the basis of thickness of the cloud layer did provide some interesting
results. bThin cloud layers were defined to be less than or equal to
50 mb thick, otherwise the cloud case was regarded as a thick cloud
layer. The 50 mb thickness criterion was chosen because this is the
minimum resolution of the basic data set and because it was felt that
it might adequately discriminate between the fair weather thin cirrus
and the strongly forced deep clouds associated with cyclones. In this
way, it Was hoped to distinguish between cases which might best corre-

spond to the classical model and those which might best be described



by other conceptual models. The results of these analyses are pre-

sented in Section 3.

2.4 Rawinsonde Observed Relative Humidity and Cloud Cover

In this section, the validity of utilizing relative humidity data
from standard rawinsondes for the diagnosis of cloud layers is con-
Sidered.

Humidity data from standard National Weather Service rawinsondes
for ambient temperatures in the range of 0°C to -40°C are commonly re-
garded as having large inherent errors, especially at the colder tem-
peratures. However, substantial improvements in the basic design of
the sonde and the humidity element itself have been made in recent
years. Reports by Brousaides (1973) and Brousaides and Morrissey
(1974), hereafter referred to as MB, present a synopsis of potential
errors in the redesigned sonde. This sonde has been in use since
V1973 at the National Weather Service launch sites in the U.S. Errors
due to solar insolation and thermal lag have b.. n substantially reduced
compared to older sondes. However, the remaining errors are still sub-
stantial. Brousaides (1973) notes that the reproducibility, i.e. the
relative precision, of the humidity sensors is within a range of approxi-
mately 6-7% in measured relative humidity. Except in the situation of
heavy precipitation, washout was not found to be a severe problem for
the new sonde. MB state that errors due to thermal lag are on the
order of 6 to 9% in measured relative humidity, while solar insolation
induced errors amount to 9 to 14% in the temperature and pressure
domain considered in this study. However, for the geographic and

height domain of this study and the 0000 and 1200 GMT Tlaunch times,
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solar insolation problems should be minimal, i.e. only 25% of the
sondes considered in this study potentially experienced direct solar
exposure at some time during their flight at solar elevations corre-
sponding to greater than one hour above the horizon. Even these sondes
were typically exposed at relatively small solar elevations. MB note
that the rectification of flight data is very difficult due to the
variability of the error sources, i.e. solar elevation, cloud condi-
tions, previous thermal and humidity history, etc. This is especially
true for standardized data sets, which are used in this study, where
the complete minute-by-minute data record is unavailable. Correction
of the basic data set employing their formulae was not attempted.

The data were tested for humidity lag. Data and formulae pre-
sented in Brousaides (1973) were used to formulate a test criterion
of maximum observable response rate. Approximately 5% of the basic
data set was tested against this criterion. The sample was random
except that humidity was required to increase from the next lower level
to the test level. An observed rate of change of humidity equal to or
greater than 80% of the maximum observable response rate was found at
less than 3% of the levels tested. Thus, in the basic data set, verti-
cal gradients of humidity are rarely large enough to exceed the sensor
capability.

Rhea (1978) has found the new sonde to be acceptable for locating
cloud layers. Surface observations of cloud layers were compared to
relative humidity with respect to ice computed from rawinsonde data
for western Colorado. Saturated Tayers were found to correspond well
with observations of cloud layers. Much improvement in this regard

was noted, when compared to the last two generations of sondes.
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Similar results were found by these authors. A number of case studies
of the large-scale energy budgets associated with upper level strati-
form cloud layers are in progress by these authors. The purpose of
these studies is to try to ascertain the nature of the advective com-
ponents of the budgets and the corresponding synoptic situation. Sur-
face and satellite observations of cloud layers agreed quite well with
deductions based solely on observed relative humidty with respect to
jce. Probably the best validation for using post-1973 rawinsonde data
to assess the presence of cloud layers may be found by considering the
following. The percentage of sondes exhibiting saturation with respect
to ice at pressures less than 600 mb and temperatures between 0°C and

-40°C for the basic data set are given below for two latitude bands.

Summer Fall Winter Spring Annual
30°N - 40°N 26.6 26.3 31.7 30.5 28.8
(27.1) (32.7) (31.4) (38.0) (32.3)
40°N - 50°M 39.0 36.1 42.4 40.1 36.9

(36.1) (40.7) (39.1) (43.4) (39.8)

The percentages in parentheses are the mean zonal cloud cover for these
Tatitudes in the northern hemisphere for the middle and upper tropo-
sphere, which were derived from data presented in London (1957).
London's estimates were based upon surface observations of various
cloud forms. The effects of obscuration due to overlap of c]oud.1ayers
were taken into account in deriving the estimates of cloud cover for
the various cloud types presented in London (1957). The percentages
given above were computed by summing the given cloud amounts for

cirrus, altostratus, nimbostratus and cumulionimbus clouds and then
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correcting these sums for overlap. The overlap correction consisted
of assuming random distribution of cirrus, altostratus and nimbostratus
clouds. Thus, the corrected sums are less than the uncorrected sums.
If saturation with respect to ice determined from rawinsonde data
is a good indicator of the presence of a cloud, then for a large data
sample, the percentage of sondes exhibiting saturation should corre-
spond to the observed mean middle and upper tropospheric cloud cover.
The agreement between seasonal mean zonal cloud cover estimated from
surface observations and that based on analysis of rawinsonde data is
fairly good. Exact agreement would not be anticipated for a number of
reasons. First, this analysis is based on data for the continental
U.S. for the year 1977, while London's estimates are based on other
years for the entire northern hemisphere in these latitude bands. Thus,
year-to-year variability in the cloud cover for the middle and upper
troposphere and longitudinal variations in that cloud cover could be
sources of disagreement. Also, due to the -40°C 1imit on the dafa
sample for this analysis, some cirriform clouds cannot possibly be
detected. In addition, some of the nimbostratus cloud forms may be too
shallow or too warm to be detected by this analysis. This would be
particularly true in the warmer seasons. Thus, the seasonal mean zonal
cloud cover for the middle and upper troposphere derived from this
analysis should be less than that actually observed even if the tech-
nique is valid. A compensating effect is that layers, which are
saturated with respect to ice, are observed to be cloud free in some
cases, e.g. Bigg and Meade (1971), Jayaweera and Ohtake (1972), and
Detwiler and Vonnegut (1979). However, this situation occurs rela-

tively infrequently (e.g. Lala, [1969]) reports that only 3% of the
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time is this observed at Albany, New York) and normally at temperatures
Tess than -30°C. Since saturation with respect to ice at pressures
less than 600 mb and temperatures between 0°C and -40°C was detected in
~n35% of the sondes for Albany in 1977, less than 8% of the saturated
layers determined by this analysis are anticipated to be cloud free.

It is expected that errors arising from the limited vertical domain of
this study are greater than those due to erroneous diagnosis. There-
fore, the seasonal mean zonal cloud cover for the middle and upper
troposphere derived here is likely to be less than that actually ob-
served even if the technique is valid. If is of note-that, except in
winter, the estimated cloud cover derived in this study is less than

that derived from London (1957) for both latitude bands.

2.5 The Cloud Case Data Set

Before discussing the results of the analyses of cloud character-
istics, it is appropriate to consider the cloud case data set. In
Table 1, the number of cloud cases, which qualified for these analyses
on the basis of the criteria discussed in Section 2.3, are presented
for each season for both cloud thickness groups. These are the number
of cases for which the analyses of cloud Tayer characteristics were
performed. In the following discussion of results, relative frequency '
LOf occurrence always refers to the percentage or fraction of the total
ﬁumber of cases in a particular group, i.e. season and thicknesé, ex-
hibiting a particular characteristic. Many more thin cloud cases.
qualified for the analyses than thick cloud cases. This is partly

because many of the thick saturated layers, which were found, were
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saturated at the -40°C level and, thus, were excluded from the analyses

as cloud-top pressure could not be located.

Summer Fall Winter Spring Total

Thick Clouds 189 251 246 200 886
Thin Clouds 863 765 524 564 2716
A11 Clouds 1052 1016 770 764 3602

Table 1. Number of cloud cases included in this study for each season

and for each cloud thickness group.

In Figure 4, the relative frequency of occurrence of cloud cases
with cloud-top pressure, Pet? within 25 mb of a given pressure level is
given for each season for both the thick cloud cases and the thin cloud
cases. The corresponding mean cloud-top pressures are also noted.

Mean cloud-top pressure is greatest in winter and least in summer.

The shapes of the curves are highly influenced by the mean seasonal
location of the -40°C isotherm and its variation. The location of the
mean seasonal tropopause and its variation also affect the shape of
the curves. These two factors cause the observed diminishing relative
frequencies above 400 mb. Note that the summer and fall curves are
sfmi]ar and that the spring and winter curves are similar for both
thick and thin cloud cases. The mean cloud thickness is ~30 mb for
the thin cloud cases and nearly 150 mb for the thick cloud cases.
However, only ~ l-of the .thick cloud cases are thicker than 150 mb.

3
Thus, the mean is highly influenced by the very thick cases.
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3. RESULTS

3.1 Stability

3.1.a Mean Stability Structures

The results of the analyses of the dry static stability in the
cloud-top layer, Ors the over-cloud layer, g3 and the sub-c]oqd layer,
dg» are presented in this section. The seasonal means for the three
layers, i.e. 8}; 56} and Eg, are given in Figure 5a for the thick
cloud cases and in Figure 5b for the thin cloud cases. The seasonal
means for the 350 mb to 450 mb layer, EZ, and for the 650 mb to 750vmb
1ayer,'5;, computed from all sondes are included in each figure for
comparison.

Comparing the Ez'and 5; curves, dry static stability is seen to
decrease with increasing height in all seasons. The seasonal range of
5; is only 0.36°K/km with relative maxima, i.e. more stable, occurring
in summer and winter. The winter maximum may be partly due to the in-
c]us{on of some cases, where the tropopause is within the 350 mb to
450 mb layer. This may occur when a deep, cold trough is located over
a station at launch time and would Tead to a more stable value of EZ.
The seasonal range of'E; is nearly 1.5°K/km. Thus, the middle tropo-
sphere undergoes a much larger seasonal variation of mean dry static
stability, when compared to the upper troposphere. The winter season
is the most stable and the summer season is the most unstable at the
700 mb level. In terms of'E;, spring resembles summer and fall is
intermediate between winter and summer. The seasonal behavior of'E;
may be partly attributed to the increased frequency and strength of
elevated fronts occurring the the 650 mb to 750 mb layer during the

cold seasons. Stabilization of the lower troposphere due to infrared



-26-

DRY STATIC STABILITY, o, (°K/km)

Os
3L
| i 1 J
SUMMER FALL WINTER SPRING SUMMER
SEASON
Figure 5. Seasonal mean dry static stability for the cloud-top layer,

OT; the over-cloud layer, 0._.; and the sub-cloud layer, ©

0 s?
for (a) thick cloud cases and (b) thin cloud cases. Mean
seasonal dry static stability at 400 mb, 0., and at 700 mb,
07, are included for comparison. See text for furthep

explanation.
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radiative processes acting at night hay also play a role in raising

3; in the winter, especially at the high elevation stations. Also,
enhanced convective mixing in summer may play a role in lowering E; in
that season. If only sondes exhibiting saturation with respect to ice
at a level above the 500 mb level are used to compute Ez'and 5;, the
curves are altered somewhat. In this case,'E; is decreased by less
than 0.1°K/km in each season, when compared to the plotted values. The
values of 5; are increased by approximately 0.1°K/km in winter and
spring and by 0.3 and 0.2°K/km in summer and fall, respectively. Thus,
the mean difference in dry static stability between the upper and
lower troposphere is less for cloud case sondes, when compared to all
sondes. In summer, this difference is negligible for the cloud case
sondes.

The observed values of EZ and 5;'may be used to compute the sea-
sonal mean rate of change of dry static stability with respect to
pressure, i.e. (5; - EZ) / 300 mb. If this linear rate of change is
assumed to be valid for the pressure domain considered here, the sea-
sonal mean dry static stability at any pressure level in this domain
may be computed as a Tinear function of that pressure. In order to
compare the observed values of 5}} EB'and Eg to mean atmospheric condi-
tions, "expected" mean values of'E?,'Ea and Eg were computed from the
observed respective mean mid-layer pressures by the above method. The
assumption of linear decrease of ¢ with pressure should not have much
effect on the computations of the "expected" mean values, since, ex-
cept for the sub-cloud layer for the thick cloud cases, the mid-layer

pressures occur predominantly in the 350 mb to 450 mb layer (see
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Fig. 4). Thus, the expected mean values are based on small adjustments
to the value of EZl

Considering 5}} 55 and Eg for the thick cloud cases, the cloud-
top layer is the most unstable layer and the sub-cloud layer is the
most stable layer of the three in the mean for each season. The mean
cloud-top layer is less stable than expected from mean conditions. The
difference is nearly 0.5°K/km in spring, ~0.2°K/km in winter, and 0.1
°K/km in the other seasons. If the virtual dry static stability, i.e.
using the moist adiabatic lapse rate instead of the dry adiabatic
lapse rate in Eq. 2.2, is computed, the mean cloud-top layer is an
additional 0.5°K/km more unstable than mean conditions. Therefore,
it is primarily the moisture content of the mean cloud-top layer that
distinguishes it from mean conditions in terms of stability to small
vertical displacements.

The mean over-cloud layer for the thick cloud cases is more stable
than expected from mean conditions by 0.1, 0.6, 1.1 and 0.2°K/km in
summer, fall, winter and spring, respectively. The seasonal range of
Ea is greater than that of 5? by a factor of ~3.5, which is surprising
in that the mean difference between the mid-layer pressures is only
30 mb. The difference between BB'and'6¥ is 0.1, 0.6, 1.1 and 0.5°K/km
in summer, fall, winter and spring, respectively. Thus, particularly
in winter, the mean thick cloud layer is capped by a layer which is
more stable than the cloud-top layer, even if differences in water
vapor content are ignored.

The mean sub-cloud layer is the most stable layer and also ex-

hibits the largest seasonal range in dry static stability of the three

layers, which might have been anticipated from mean conditions, i.e.
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8;. However, the observed values of'Eg are greater than the values
expected from mean conditions by approximately 1.1, 1.5, 1.8 and 0.7
°K/km in summer, fall, winter and spring, respectively. These values
suggest the presence of an elevated front in the sub-cloud layer. This
may be seen by considering that in winter the value of'Eg corresponds
to a temperature lapse rate of only 4.7°K/km, which is absolutely
stable even under saturated conditions at this pressure, i.e. V550 mb.

Considering 8}) Ga'and EE'for the thin cloud cases, the over-
cloud layer is observed to be the most stable of the three in the mean
for each season, while the sub-cloud layer is the least stable except
in spring. The observed values of'E; are greater than those expected
from mean conditions by “0.1°K/km in summer and fall, nearly equal in
spring, and are less by “0.2°K/km in winter. Thus, uniike the thick
cloud cases, the mean cloud-top layer for the thin cloud cases tends
to be slightly more stable than mean conditions. The seasonal range
in E; for the thin cloud cases is less than half that for the thick
cloud cases, though the patterns are similar. The mean cloud-top
layers for the thick and thin cloud cases are not that different in

“terms of dry static stability and in both cases it is primarily the
water vapor content of the layers that distinguishes them from mean
conditions.

The mean over-cloud layer for the thin cloud cases is more stable
than expected from mean conditions by 2.6, 2.5, 2.0 and 2.2°K/km in
summer, fall, winter and spring, respectively. These values suggest
the presence of an elevated front above the thin cloud layer. In some
cases, this stable 1ayek is 11ke]y to correspond to the tropopause.

The value of'Ea in summer corresponds to a temperature lapse rate of



-30-

only ~5.4°K/km, which is a very stable layer at this pressure level,
(v370 mb). The seasonal range of'Ea is much smaller for the thin
cloud cases, when compared to the thick cloud cases, and the seasonal
patterns are dissimilar, except that each exhibits a spring minimum.
In each season, the mean over-cloud layer is much more stable for the
thin cloud cases compared to the thick cloud cases even though the
stability of the resbective mean cloud-top layers is not too different.
Mean conditions suggest that for the thin cloud cases, Eg should
be greater thén'E;,'however, this is not observed. The values of Eg
are less than those expected from mean conditions by ~0.1°K/km in
spring and summer and ~0.2°K/km in the other seasons. The stability
of the mean sub-cloud Tayer is not too different from that of the mean
c10ud-£op layer for the thin cloud cases. There is no indication of

an elevated frontal zone in the mean sub-cloud layer for the thin cloud

cases as there was for the thick cloud cases.

3.1.b. Relative Frequency of Various Stability Structures

Thus far, the-mean stratification in terms of dry static stability
in the vicinity of both thick and thin cloud layers have been quanti-
fied for each season. Differences in the mean dry static stability
between the thin and thick cloud cases have been noted. However, the
correspondence of the mean structures to the actual observed case by
case structure must be established before any quantitative model of the
typical stratification can be put forth, i.e. is the mean structure
representétive of the typical structure or is it the result of averag-
ing multiple and different typical structures? 1In Table 2, the ob-

served relative frequency of occurrence of various stratifications in
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(a)
Thick Cloud Cases

Su F W Sp Average
% and gg 2 Op 27 34 34 27 30
Og < 0y £ 0y 11 1 12 12 11
Og 2 07 > 0y 35 35 34 34 35
9 and og < Op 27 20 20 28 24
gy 2 Op 38 45 46 39 42
Og % Op 62 69 68 61 65

(b)
Thin Cloud Cases

9 and dg 2 07 43 40 38 41 41
Og < 0 £ 0 21 17 21 17 19
dg % 07 > 0 14 16 17 17 16
9 and %s < OT 22 27 24 25 24
g % 97 64 57 59 58 60
Og 2 Op 57 56 55 58 57

Table 2. Relative frequency of occurrence in percent of various
stratifications of dry static stability among the over-
cloud layer, Oqs the cloud-top layer, ars and the sub-

cloud layer, Ug> for each season and the "average" season
for (a) thick cloud cases and for (b) thin cloud cases.
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terms'of dry static stability among the cloud-top, over-cloud and sub-
cloud layers are presented for both cloud thickness groupings for each
season. In the top data row, the relative frequency of cases in a
group exhibiting a minimum in dry static stability in the cloud-top
layer relative to the other two layers is given. The second and third
data rows correspond to increasing and decreasing stability with height
through the three layers, respectively. The fourth row corresponds to
maximum stability in the cloud-top layer relative to the other two
layers. In the last two rows, the relative frequency of cases where
the over-cloud layer is more stable than the cloud-top layer and where
the sub-cloud layer is more stable than the cloud-top layer are pre-
sented for each group. Simple inspection of the entries reveals that
based upon this analysis any possible stratification may be observed
for any given group. However, some stratifications are substantially

more common than others.

3.1.b.i. Thick Cloud Cases

For the thick cloud cases, the most likely stratification is that
with decreasing stability with height through the three layers. The
relative frequency of occurrence of this structure is nearly constant
with respect to season. This is also true of the structure with in-
creasing stability with height, which is the least likely. Minimum
stability in the cloud-top layer tends to be the second most likely
structure, and is most common in fall and winter. Maximum stability
in the cloud-top layer has the opposite seasonal variation. In spring
and summer, these two stratifications are nearly equally likely to

occur. In order to properly interpret each structure physically, the



-33-

corresponding values of'Ea,'E; and'Eg must be considered together with
the relative frequency of occurrence of the two‘layer stratifications
shown in the last two data rows in Table 2.

In an average season, the value of % is greater than Or in only
42% of the thick cloud cases, however, Ea'minus 8? is positive and
equal to ~0.6°K/km. This implies that, for cases where 9 > oT,'the
difference (66 —'8;) js larger than the difference (5; —'86), for
cases where o > 04y The situation of a small decrease in dry static
stability from the cloud-top layer to the over-cloud layer strongly
suggests that both layers are located in the same air mass. This
applies to cases when the observed structures are those with either
maximum stability in the cloud-top layer or decreasing stability with
height through the three layers. If an expected decrease is computed
for these cases, which is based upon an assumption that mean conditions
are representative of those in a uniform air mass, then an estimate of
a typical value of (oO - cT) may be made for the cases when oy > Op-
This value is ~1.4°K/km. Thus, in the thick cloud cases where 0y > Ops
the over-cloud layer tends to be stable and caps the cloud layer. This
relatively stable layer may possibly be interpreted as an elevated
frontal zoﬁe, since the stability of a frontal zone at this level is
not nearly as great as at lower levels due to the cumulative effect of
diffusion over its lifetime. However, other interpretations are possi-
ble and are considered below.

In an average season, the value of Og is greater than o7 in 65%
of the thick cloud cases and EE'- E? equals ~1.75°K/km, which is sub-
stantial. The implication is that for cases where o > Og» the dif-

ference (8? -'Eg) is relatively small and that for cases where og > o>
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the difference (Eg - 8;) is large. In the manner used above, (Eg'- oT)
is estimated to be n2.4°K/km, for cases where o¢ > Op- Thus, the
structure with decreasing stability with height through the three
layers corresponds very well to the classical notion of a very stable
layer or front below the cloud layer and where the cloud-top layer and
over-cloud layer exist in the same 1ifted air mass. This is observed
to be the most likely structure for the thick cloud cases. The in-
terpretation of the structure with minimum stability in the cloud-top
layer is similar to the classical notion, except for the relatively
stable capping layer.

In addition to the interpretation that the stable over-cloud layer
is another frontal zone, which might exist in the case of thick clouds
to be west of the center of a mature or occluded cyclone, a second
interpretation is that the enhanced stability of this layer is due to
both strong infrared radiative cooling and evaporative cooling in the
region of cloud-top, which are greatest near the lower boundary of the
over-cloud layer ana, thus, tend to stabilize the over-cloud layer.
Nighttime cases would show these effects more than daytime cases due
to the compensating effect of solar absorption.

Observations reported by Griffith et al, 1979, of the radiative
characteristics of tropical cirrus clouds lead to the conclusion that
the lapse rate of a 25 mb thick over-cloud layer, as defined here, may
be potentially stabilized at a rate of up to ~20°K/km/day due to in-
frared radiative processes. These results correspond to the case of a
high, very cold cloud (i.e. ~ -50°C), which is essentially a black body
w%th respect to infrared radiation and represents the situation of

maximum radiative effect. The potential stabilization of the over-
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cloud layer due to evaporative processes may be evaluated by noting
that typical ice water contents méy range from 0.001 to 0.3 g/m3.and
typical mean vertical velocities in the cloud layer may range from

1 to 100 cm/s (from Griffith et al, 1979, and Heymsfield, 1977). If
the cloud-top Tevel is assumed to remain constant and the ice crystals
are assumed to be transported upward at the observed vertical velocity
and are sublimated at cloud-top, the lapse rate.of the over-cloud
layer may be potentially stabilized at a rate of from ~0.005 to ~150
°K/km/day. A vertical velocity of 2 cm/s and an ice water content of
0.1 g/m3 result in a lapse rate stabilization rate of ~10°K/km/day in
the over-cloud layer due to evaporative cooling.

Subsidence and its associated adiabatic warming may also lead to
increased stability in a layer. However, in the case of a relatively
stable layer directly above a relatively unstable layer, a very strong
or enduring subsidence field would be required in the upper layer to
explain the observed magnitude of the stability differences if both
layers are initially assumed to be similar. For example, a vertical
velocity of v -2 cm/s results in the lapse rate being stabilized at a
rate of 0.3 °K/km/day at these levels. Large vertical gradients of
both the vertical motion field and the divergence would also be re-
quired near the interface between the two layers for the observed
structure to evolve by this mechanism. Such gradients may exist across
elevated fronts but the vertical circulations required are opposite to
those corresponding to the classical model. Compensating subsidence in
the region of strong convection may affect the stability structure of
middle and upper tropospheric outflow layers. However, the required

vertical gradients in the circulation are not likely to be due to the
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convection but rather due to some pre-existing structure. Thus, radia-
tive and evaporative effects may readily account for the observed
stability of the over-cloud layer. while adiabatic effects due to
vertical motion are much less likely to be the source of the observed
structure.

The structure with increasing stability with height does not
correspond to the classical structure. However, if the Tocation of
cloud-top pressure is slightly in error in these cases, i.e. above the
actual cloud-top level, then the stability of the cloud-top layer is
overestimated since the over-cloud layer tends toc be much more stable.
Since, where g > Og» the difference in stability between the cloud-
top layer and the sub-cloud layer tends to be relatively small, it may
be hypothesized that they are in the same air mass and that the sign
of the difference, which is inconsistent with this hypothesis, arises
from slight errors in the location of the cloud-top level. In any
event, these cases do not appear to be forced by frontal Tifting from
directly below the cloud layer.

The above arguments, also, lead to the conclusion that, in the
case of the structure with maximum stability in the cloud-top layer,
the differences in dry static stibility between the three layers tend
to be relatively small. Thus, the presence of a very stable layer is
not indicated for any of the layers. The observations of maximum
stability in the cloud-top layer may be due to the effects of infrared
radiation or evaporation near cloud-top coupled with a slight mis-
location of the cloud-top level. In this instance, maximum stability
occurs just above cloud-top. It should be noted, that the interpreta-
tioné, which rely on assumed errors in the location of cloud-top, lead

to the conclusion that 5;'has been overestimated.
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Combining all the results from the analysis of the stratification

about thick clouds, the following conclusions may be put forth:

1. In‘65% of the cases, the mean sub-cloud layer is
estimated to be ~2°K/km more stable than mean condi-
tions. This strongly suggests the presence of a
frontal zone corresponding to the classical model.

2. In nearly half of the cases with the stable sub-
cloud layer, the mean over-cloud layer is also
relatively stable, i.e. estimated to be ~1.3°K/km
more stable than mean conditions.

3. In 35% of the cases, which do not show the stable
sub-cloud layer, ~ %—do exhibit the stable capping
layer, while the rest show a weak tendency for
maximum stability in the vicinity of cloud-top.

4. The stability of the mean cloud-top layer has
probably been slightly overestimated due to the
mislocation of the cloud-top level in some cases.
However, even if 6? is adjusted to compensate for
this effect, the corresponding temperature lapse
rate is still 1 to 2°K/km less than the moist
adiabatic lapse rate. It is primarily the moisture
content of this layer, which distinguishes it from
mean atmospheric conditions.

These conclusions were based on an average season. They are most
valid in winter, where the magnitude of the differences are larger than

for the average season.
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3.1.b.ii. Thin Cloud Cases

For -the thin cloud cases, the structure with minimum stability in
the cloud-top layer is the most Tikely stratification in each season.
However, maximum stability in this layer is the next most commonly ob-
served structure. Increasing stability with height through the three
Tayers is slightly more common than decreasing stability with height.
The observed relative frequency of occurrence for each structure for
the thin cloud cases exhibits a seasonal range of ~5%. No obvious
pattern is evident in this seasonal variation. The observed relative
frequency of occurrence for the different stratifications indicates
substantial differences between the thick and thin cloud cases.

In an average season, the value of 9 is greater than o1 in 60%
of the thin cloud cases and the difference 86 -'8; is 2.2°K/km. This
difference is very large considering the proximity of these two layers
and the above percentage. If for the cases where Oy < Op> the over-
cloud Tayer and the cloud-top layer are assumed to exist in the same
air mass and an expected value of (8? -'66) is computed based on mean
conditions, then an estimate can be made for (66'- 6?) for the cases
when o5 < o,. This estimate is that (36 —'8?) equals ~3.7°K/km. This
indicates a very stable capping layer for the cases when og > o7 This
conclusion relies on the above estimate only in degree and not in sub-
stance. The stability of the over-cloud Tayer when oy > Ops is much
greater for the thin cloud cases when compared to the corresponding
thick cloud cases. Whereas the interpretation that these cases re-
present cloud Tayers capped by a frontal zone is somewhat open to
question, as noted previously for the thick cloud cases; it is much
more plausible here, given the estimated magnitude of 56 for the thin

cloud cases. The estimated value of'Ea ~ 7°K/km for the thin cloud
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cases where gy > Op> corresponds Lo a temperature lapse rate of only
n4.5°K/km. Radiative and evaporative processes may be responsible for
the evolution of this structure.

In an average season, the value of Og is greater than Or in 57%
of the cases. The difference 5; - Eg js relatively small and equal to
n0.2°K/km. This difference is expected to be ~ -0.1°K/km if both
layers exist in the same air mass. If this is correct for the thin
cloud cases, where ar < 0g3 then for the cases where Og < Op» the dif-
ference may be estimated to be 0.6°K/km. This implies that, for the
structures exhibiting either maximum stability in the cloud-top layer
or increasing stability with height, the cloud-top layer is somewhat
more stable than the sub-cloud layer but not so stable as to suggest a
frontal zone.

In light of the above arguments, the observed stratifications for
the thin cloud cases may be interpreted in an average sense for a mean
season. The structure with decreasing stability with height through
the three layers appears to be associated with the situation of all
three layers existing in the same air mass. There is no indication of
a frontal zone in the sub-cloud layer for this structure as there is
for the thick cloud cases. Also, where this structure was the most
frequently observed stratification for the thick cloud cases, it is
the least frequently observed for the thin cloud cases. The stratifi-
cation where minimum stability is observed in the cloud-top Tayer of
thin clouds corresponds to the situation where the cloud layer and
sub-cloud layer are located in the same air mass. A very stable layer
is observed in the over-clioud layer and no indication of a frontal zone

is found for the sub-cloud layer. The structure with increasing
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stability with height, also, shows the very stable over-cloud layer and
no sub-cloud front. The enhanced stability of the cloud-top layer,
i.e. 0.6°K/km greater than Og is most Tikely due to small errors in the
location. of the cloud-top level. This interpretation seems reasonable
given the very stable nature of the over-cloud layer. This interpreta-
tion leads to the conclusion that 8¥'has been overestimated. For the
structure with maximum stability in the cloud-top layer, the cloud-top
layer and over-clioud layer appear to be located in the same air mass
due to the small decrease with height of dry static stability for the
layers. However, the stability of the cloud-top layer is not suffi-
ciently great to warrant an interpretation based on the presence of a
frontal zone. It is possible that errors in the location of the cloud-
top level together with radiative and evaporative effects lead to the
observed maximum. In any event, this stratification is very similar
to the decreasing stabi]ity with height structure except for the weak
maximum, i.e. none of the three layers exhibit sufficient stability
for a frontal zone.
Combining the above results, the conclusions from the analysis of
the stratification about thin cloud layers may be summarized as:
1. In ~60% of the cases, a very stable mean over-cloud
layer exists, whose stability strongly suggests the
presence of a front, i.e. 0g v 7°K/km.
2. In the other 40% of the cases, the presence of a
frontal zone or a very stablé layer is not indicated
for any of the three mean layers. However, in 60%
of these cases there is an indication of enhanced

stability in the vicinity of mean cloud-top level.
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3. It is likely that, when maximum stability is observed
to increase with height through the three layers, the
location of cloud-top is slightly in error. If this
is true, then 5;'has been overestimated. If the magni-
tude of this error is estimated from mean conditions,
then a corrected value of E? may be computed, which
is slightly less than Bgl
The above inferences for the thin cloud cases are nearly equally
valid for any season. The conclusions for both the thin and thick
cloud cases are based upon observed means and the relative frequency
of occurrence of various structures. It must be emphasized that they

only apply to the average case exhibiting such a structure.

3.1.c. Relative Frequency Distributions of Stability

As was stated previously, any possible stability stratification
may be observed for these three layers for a cloud case. In fact, the
observed stability values range over a wide domain. Conditions ranging
from super-adiabatic to strong inversions are observed in each of the
three Tayers in each season. Errors in the location of cloud-top
pressure have been assumed to account for some of the observations of
stable cloud-top layers. At this point, it is appropriate to examine
the observed distribution of dry static stability for each layer.

In Figure 6, the observed relative frequency of occurrence is
given for various stability classes. In each panel, the distributions
are given for each season for one of the three layers for a particular
cloud thickness group. Each class represents a 1°K/km range of ob-
served dry static stability, except for class 1. Cases included in

class 1 correspond to observations of super adiabatic or dry adiabatic
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Relative frequency of occurrence of various stability
classes for each season for the thick cloud cascs for each
layer, (i.e. (a) over-cloud layecr, (b) cloud-top laver, (c)
sub-cloud layer) and, similarly, for the thin cloud cases
(i.e. (aa), (bb) and (cc), respectively). See toxt for
definition of stability classes and further explanation.
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conditions, i.e. o < 0°K/km. Class number 2 includes observations
where 0°K/km < o < 1°K/km. Similarly, class N includes cases where
(N-2)°K/km < o ¢ (N-1)°K/km. Note that class 2 represents cases, where
conditions are approximately moist adiabatic for the pressure and
temperature domain of these cloud cases. Some of the cases included

in class 3 may also correspond to moist adiabatic conditions. 1In
general for this domain, class 14 corresponds to near isothermal condi-
fions in a layer, though some cases in classes 13 and 15 may also show
this due to their respective pressure levels. Classes 16 through 21
correspond to cases exhibiting an inversion in the Tayer with the
strength of the observed inversion increasing with class number, e.qg.
class 21 includes cases where temperature typically increases at a

rate of greater than ~5°K/km from the base to the top of the layer. In
order to facilitate the consideration of these data, the corresponding
cumulative frequency distributions are given in Figures 7 and 8 for the
thick cloud cases and for the thin cloud cases, respectively. The |
relative frequencies are accumulated progressively from class 1 through
class 21, e.g. the cumulative frequency plotted for class 3 corresponds
to the sum of the relative frequencies of classes 1, 2 and 3. In each
| panel, the observed distributions for each of the layers are given for
a particular season and cloud thickness group.

In general, the relative frequency distributions are broader for
the thin cloud cases in the over-cloud layer and the cloud-top layer,
when compared to the thick cloud cases. The opposite is true of the
sub-cloud layer. Narrow distributions correspond to uniform conditions
observed on a case by case basis. In winter, the distributions tend to
be broader than in other seasons. There is also a tendency for a sea-

sonal shift in the distributions, i.e. the summer peak is generally to
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the right and the winter peak tends to be to the left of the peaks for
spring and fall. It should also be noted that the over-cloud layer
distributions show a relatively large frequency of very stable condi-
tions, especially for the thin cloud cases. The sub-cloud layer dis-
tributions for the thick cloud cases,‘a1so, exhibit a relatively large
frequency of very stable conditions.

The median values of 99> Ot and O (i.e. cumulative frequency =
50%, see Figs. 7 and 8) exhibit the same relative pattern as the mean
values depicted in Figure 5, except for thick cloud cases in summer.
However, the differences between the median values of Ogs Op and Og
for a given season are smaller than noted for the means. Thus, the
relative frequency of very stable conditions for the various layers
has.a substantial influence on the computed means. The median values

of o. and Og for the thin cloud cases are within 1 to 2°K/km of the

T
stability associjated with moist adiabatic conditions, while the median
values of oy are an additional 1.5°K/km more stab1e.} For the thick
cloud cases, the median values of o; and o, are within 1 to 2°K/km of
moist adiabatic conditions, while the median value of g is an addi-
tional 1°K/km more stable. Note that dry adiabatic or super adiabatic
conditions tend to be most common in the over-cloud layer for the thick
cloud cases and in the cloud-top layer for the thin cloud cases, when
compared to the other layers.

For the thin cloud cases, the cumulative relative frequency dis-
tributions for the sub-cloud Tayer and the cloud-top layer are very
similar. There is a slight tendency for the cloud-top layer to ex-

hibit more extreme values, when compared to the sub-cloud layer. Fewer

than 5% of the observations of op or dgg indicate isothermal or inversion
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conditions. The distributions for g are substantially different.
Approximately 10% of the observations of 9, correspond to isothermal
or inversion conditions. Moderately stable to very stable conditions
dominate the o, distributions. The 9, distributions for the thin cloud
cases are the most stable of all the layers for either thickness group.
Noting the distributions for the thick cloud cases, in no season
do two layers exhibit the degree of similarity seen between the cloud-
top and sub-cloud layers for the thin cloud cases. Also, no two layers
are as different as the over-cloud and cloud-top 1ayérs for the thin
cloud cases. The seasonal variation in the distributions is greater.
than for the thin cloud cases. In summer, the over-cloud layer and
the sub-cloud layer exhibit very stable conditions in nearly the same
percentage of cases, while in the other seasons the sub-cloud layer
is approximately twice as likely to show this. As in the thin cloud
distributions, the cloud-top layer exhibits very stable conditions,

j.e. isothermal, less than 5% of the time.

3.2 Vertical Wind Shear

The results of the analyses of the vertical shear of the hori-
zontal wind speed in the cloud-top layer, ST; the over-cloud layer,
SO; and the sub-cloud layer, SS’ are presented in this section. Re-
call that the wind direction is ignored in these analyses.

Considering the sign of the shear, it is apparent that negative
shear occurs relatively infrequently in these layers. For the thin
cloud cases in a given season, the relative frequency of occurrence
of negative shear is nearly the same for each layer. Seasonal varia-

tion is also negligible, except for the summer season, where
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approximately 26% of the cases evhibit negative shear in a given layer
compared to 15 to 16% in the other seasons. The thick cloud cases
have both a more pronounced seasonal variation and more significant
differences between the layers in a given season, than the thin cloud
cases. For the thick cloud cases, ST; S0 and SS are negative in 11,
11 and 14% of the winter cases; in 13, 15 and 18% of the fall cases;
in 17, 19 and 26% of the spring cases; and in 17, 24 and 29% of the
summer cases, respectively. Thus, as in the thin cloud cases, nega-
tive shear occurs most frequently in the summer for each layer. Nega-
tive shear is least likely in winter and the cloud-top layer is the
layer least likely to exhibit negative shear in each season for the
thick cloud cases. However, the difference between this layer and

the over-cloud Tayer is relatively small except in summer. Differences:
between the cloud-top layer and the sub-cloud layer are larger and are
most pronounced in spring and summer. Thus, for a given cloud thick--
ness group in a given season, the relative frequency of negative shear
does not vary substantially among layers in close proximity, i.e. all
three layers of the thin cloud cases or the upper two layers for the
thick cloud cases.

In terms of the relative frequency of occurrence of negative
shear in the three layers for the thick cloud cases, spring is more
similar to summer than to fall and fall is more similar to winter than
to spring. The seasonal variation for the thick cloud cases may be at
least partly explained by noting that the thick cloud is likely to
occur in a region of strong or deep vertical lifting in the middle and
upper levels, i.e. in association with either an elevated warm front

or to a lesser degree an elevated cold front of a cyclone. This is
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particularly true in the cold seasons. This region is located near
the fastest upper level flow associéted with the cyclone, i.e. the jet
stream core, whose strength is coupled to the cyclone intensity. The
intensification of the flow, particularly at high levels, over the
region of strong uplift makes positive shear more likely in layers
below the jet stream level and above the front. Thus, the seasonal-
cycle in cyclone intensity and the associated upper level flow may
produce the observed seasonal variation in the relative frequency of
negative shear for thick cloud layers. Since the thin cloud is likely
to occur in a region of weak vertical 1ifting, seasonal changes in
cyclone intensity are more likely to affect the areal extent than the
shear environment of the thin clouds. This is because even though a
more intense cyclone has a stronger jet core and a larger area of
faster flow, the region of strong uplift is larger and, thus, the weak
uplift region is located farther away from the jet core compared to
the less intense cyclone case.

Another factor, which might influence the seasonal cycle, is the
role of vertical transport of water by deep convection in the forma-
tion of some of these clouds. Deep convection is most common in summer
and spring, less common in fall and rare in winter for this domain.
Thus, the seasonal cycle of deep convection resembles the seasonal
variation in the relative frequency of negative shear for the thick
cloud cases. Deep convection tends to occur in close proximity to a
cold front at the surface and the associated upper level jet stream,
particularly in spring. This region is generally upstream frgm the
jet maximum and is not in an area of strong middle or upper level

large-scale 1ifting. Horizontal propagation of the convection away
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from the surface front or horizontal transport of water after injection
into«the middle and upper levels may cause the outflow cloud layer to
exist away from under the jet core. Thus, if deep'convéction is
important in the formation of some of these thick cloud cases, then
these cases may exist in a substantially different:environment in terms
of large-scale vertical motion and the strength of the upper level flow
compared to cases associated with elevated fronts, which are typical

of the winter season.

:There are eight possible configurations for the sign of the: shear
in the three layers of a given cloud case. In Table 3, the observed
relative frequency of occurrence for each of these configurations is
given for each season for the thick cloud cases, (a), and for the thin
cloud cases, (b). The predominance of positive shear may be further
emphasized by noting that positive shear of the horizontal wind speed
is observed in two or more of the three layers in 84% to 94% of the
thick cloud cases and in 86% to 92% of the thin cloud cases depending
on the season. Positive shear in all three layers is the most common

“configuration in every season for either cloud thickness group. Near-
1y one-half to greater than two-thirds of the casesrexhibit this
structure in a given season for either group. The next most likely
configurations are those involving negative shear in only one of the
layers. For the thin cloud cases, none of these three structures is
significantly more likely than any other, except in summer. In fact,
the spring, winter and fall seasons show almost no seasonal.variability
in the relative frequency of any given configuration. This lack of
seasonal variability in the occurrence of the different configurations

corresponds exactly to the result noted above, from the analysis of
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{a)
Thick Cloud Cases

SO, ST’ SS Su F _w Sp Average Range
+ + + 47 63 70 51 58 23

+ + - 19 14 11 16 15 7

- + + 9 7 6 12 9 6

- + - 8 2 1 4 4 7
+ - + 9 6 7 8 7 3

+ - - 1 2 1 5 2 4

- - + 6 5 3 4 4 3

- - - 1 1 1 0 1 1

(b)
Thin Cloud Cases
Su F W Sp Average Range

+ + + 56 65 65 66 63 9

+ + - 13 9 9 7 10 5

- + + 10 10 8 10 10 2

- + - 2 1 2 1 2 1

+ - + 7 8 7 8 7 1

+ - - 5 3 4 2 3 3

- - + 5 3 4 4 4 2

- - - 2 1 1 2 1 1

Table 3. Relative frequency of occurrence in percent of cases having

various configurations for the sign of the vertical shear
of the horizontal wind speed in the over-cloud, cloud-top
and sub-cloud layers, i.e. sign of SO’ ST and SS’ respec-

tively, for each season (a) for thick cloud cases and (b)
for thin cloud cases. Values for the average season and
the seasonal range are also given for each configuration.
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the sign of the shear in each laycr independently. In summer, the
configuration with negative shear in only the sub-cloud layer is some-
what more likely than in other seasons and the configurations with
negative shear in at least two layers tend to be slightly more common.
The re}ative frequency of occurrence for the other two étructures with
positiye shear in only two of the Tayers does not change significantly
even in,summer, i.e. only the structure with all positi?e shear is Tess
likely in summer.

For the thick cloud cases, the seasonal range of relative fre-
quency for each configuration is larger than for the thin cloud cases.
In general, the spring/fall season values are most similar to the
summer/winter values. These results are the same as those derived
from the analysis of each Tayer independently. Other than the sea-
sonal variation, the primary difference between the thick and thin
cloud cases is that the structure with negative shear in only the sub-
cloud layer is substantially more likely for the thick cloud cases in
all seasons. Considering the average of the seasonal values, the in-
creased frequency of this structure is almost equal to the decreased
frequency of the structure with all positive shear compared to the
thin cloud cases. This is not true on a season by season basis,.where
the relative frequency of occurrence for the other structures with at
least one positive shear 1ayer'and negative shear in the sub-cloud
layer are also somewhat different, when comparing the thin and thick
cloud cases.

For the analysis of the magnitude of the vertical shear of the
horizontal wind speed in each of the three layers, cases exhibiting

positive shear and cases exhibiting negative shear in the layer of
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interest are considered independently. The following discussion is
limited to seasonal means. As in the case of the dry static stability,
the means encompass quite a wide range of observed values. The
standard deviations for the various means typically range from nearly
equal to the mean to approximately twice the mean value. In Table 4,
the average shear in each layer for each season is given for cases
with positive shear in the layer, §:, and for cases with negative shear
in the layer, S_, for the thick cloud cases (a) and for the thin cloud
cases (b). The values of 5_and S_ may be combined with the corre-
sponding observed relative frequency of occurrence given above to ob-
tain either S or TET, j.e. the seasonal mean shear or the seasonal

mean magnitude of the shear, respectively.

Considering §:} both the thick cloud and thin cloud cases show a
maximum in winter, a minimum in summer, and spring values larger than
fall values for each layer. The seasonal pattern for §f is somewhat
more confused. Due to the small relative frequency of negative shear,
the pattern for TET resembles that for §: very closely. The seasonal
range of S_ is generally less than one-half that of S_ for each layer
for either thickness group. Thus, the seasonal cycle in cyclone in-
tensity and speed of the upper level flow affects the positive shear
cases much more than the negative shear cases. As in the case of the
sign of the shear, the thick cloud cases have a substantially greater
seasonal range in both §: and S_ for a given layer, when compared to
the thin cloud cases. This supports the earlier conclusion based on
the analysis of the sign of the shear, that the thin cloud cases are
not as sensitive as the thick cloud cases to the seasonal cycle in

cyclone intensity. In general, S_ is greater and |S_|is less for the
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(a)
Thick Cloud Cases

Su F W Sp
0 4.0 4.9 6.5 6.1

-4.5 -4.9 -5.5 -4.6
T 3.3 4.8 6.5 5.5

-3.8 -4.5 -5.4 -4.6
g 4.1 5.1 6.8 5.5

-5.7 -5.0 -5.5 -4.4

(b)
Thin Cloud Cases

Su F W Sp
0 4.1 4.7 6.0 4.9

-5.3 -5.4 -4.9 -5.2
T 3.8 4.6 5.4 5.2

-5.0 -5.4 -5.9 -5.9
S 3.4 4.7 5.4 5.1

-5.3 -5.4 -5.4 -4.7

Table 4. Mean vertical shear of the horizontal wind speed in m/s/km
for each season (a) for thick cloud cases and (b) for thin
cloud cases for the over-cloud, cloud-top, and sub-cloud
layers, i.e. 0, T and S, respectively. The positive en-
tries are the means for cases with positive shear in that
layer, i.e. S+, and the negative entries are the means for

cases with negative shear in that layer, i.e. S_.
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thick cloud cases, when compared to the thin cloud cases for a given
season and Tayer. For the thin cloud cases, [S_| > S, in most in-
stances, while except in summer, S_ > |S_| for the thick cloud cases.
Thus, in the mean for a season, when negative shear occurs in one of
the layers of a thin cloud, the magnitude of the shear tends to be
greater than when positive shear occurs in that layer. This is a
surprising result.

For the thick cloud cases, the minimum values of S_, |S_|, and
T§T occur in the cloud-top layer for each season except in spring,
where the minimum values of |S_| and TST occur in the sub-cloud layer.
The maximum values occur in the sub-cloud layer in each season except
spring, where the maximum values of |S_| and Is| occur in the cloud-
top layer. For the thin cloud cases, the maximum values of §:'and T—T
occur in the over-cloud layer in each season except spring, where the
maximum values occur in the cloud-top layer. The maximum value of |S_|
occurs in the cloud-top layer in each season except summer, where it
occurs in the sub-cloud layer. The pattern for minimum values of §:,
[ST| or [S is confused. Except in winter, the difference between the
maximum and minimum values of either §:} IS_] or TgT-observed for the
three layers in a season is larger for the thick cloud cases than for
the thin cloud cases. Thus, more variability between the layers is
observed for the thick cloud cases than for the thin cloud cases,
except in winter.

On a case-by-case basis, four possible structures for the magni-
tude of the shear may occur. These are: maximum |S| in the cloud-top
layer, decreasing |S| with height through the three layers, increasing

|S| with height, and minimum [S| in the cloud-top layer. In Table 5,
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(a)
Thick Cloud Cases

Su F W Sp Average Range
|ST| > |sO] and |Ss| 32 33 31 28 31 5
sl > Isel = Isgl 18 22 20 22 20 4
Isol > Isl 2 N 16 19 23 17 19 7
| spl < Isgl and |sg] 3¢ 26 26 33 30 8
(b)
Thin Cloud Cases
Su F W Sp Average Range
lsTl > Isol and lssl 38 34 33 37 34 4
lssl > lsTl > |sol 20 22 21 22 21 2
|sol > |sT| > |ss| 20 20 21 22 21 2
tsTI < |50| and lssl 26 24 25 19 24 7
Table 5. Relative freguency of occurrence in percent of cases having

various relative configurations of the magnitude of the
vertical shear of the horizontal wind speed in the over-
cloud, cloud-top and sub-cloud layers, i.e. [Sy| , [S{]

and ISS], respectively, for each season. Values for the

average season and the seasonal range are also given for
each configuration.
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the observed relative frequency of occurrence of each of these struc-
tures for each season for both the thick cloud cases (a) and the thin
cloud cases (b) is given.

The seasonal variability of the relative frequency of occufrence
of each structure is larger for the thick cloud cases than for the thin
cloud cases. The two most commonly observed structures for the thick
cloud cases in each season are those with either maximum or minimum
shear magnitude in the cloud-top layer. On an annual basis, they are
«50% more 1ikely than the other two structures. In spring, the struc-
ture with maximum |S| in the cloud-top layer is somewhat less Tlikely
than in the other seasons. The structure with minimum shear in the
cloud-top layer is substantially less likely in fall and winter when
compared to spring and summer, where it is the most commonly observed
structure. This structure corresponds to the mean structure for each
season, noted above, which was derived from the analysis of each layer
independently. Thus, in fall and winter, the most 1ikely structure
does not correspond to the observed mean structure. If the cases of
increasing or decreasing |S| with height can be assumed to cancel in
the computation of the mean structure, this implies that if a typical
case with minimum |S| in the cloud-top layer is compared to a typical
case with a maximum |S| in the cloud-top layer, the minimum would be
more pronounced than the maximum.

For the thin cloud cases, the structure with maximum [S| in the
cloud-top layer is the most likely structure in each season. The ob-
served relative frequency of occurrence for each structure is nearly
constant with respect to season except in spring where the structure

with minimum |S| in the cloud-top layer is less likely and the



-58-

structure with maximum |S| in the cloud-top layer is more 1ikely than
in the other seasons. This is opposite to what is observed in the
thick cloud cases. Except in spring, the most 1ikely structure for
the thin cloud cases does not correspond to the mean structure for a

season, given in Table 4b.

3.3 Richardson Number

The results of the analyses of the Richardson number in the over--
cloud, cloud-top, and sub-cloud layers, i.e. RO, RT and RS’ respec-
tively, are discussed in this section. Richardson numbers for the
350 mb to 450 mb layer, R4, and the 650 mb to 750 mb layer, R7, are
also considered.

Seasonal mean Richardson number for a layer is not a very useful
quantity. This is primarily due to the inverse-square dependence of
R on the vertical wind shear, S. For cases where S is small, R is
very large and greatly affects the means and correspbnding standard
deviations. For these analyses, if S = 0 or if R 2 60, then R is
arbitrarily set equal to 60. For all the layers congjdered, both the-
seasonal mean Richardson numbers and the corresponding standard devia- -
tions are largest in summer and smallest in winter. The fall and
spring values are generally close to the winter values, i.e. always
closer to winter than to summer. For the thick cloud cases, the values
of ﬁa, ﬁ? and ﬁg each range from ~12 to ~18 with corresponding standard
deviations of from ~19 to ~31. For the thin cloud cases, the value of-
ﬁa ranges from ~14 to 19 with standard deviations of from 18 to ~24,

respectively. The values 0f’R¥ and Rg'each range from ~13 to 16 with

standard deviations from ~18 to ~22, respectively. The values of

Y J
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R4 and'ﬁ;, each range from ~14 to ~16. The analysis of Richardson
number over thick layers, such as for R4 and R7, is not very interest-
ing. Less than 1% of all sondes have either R4 or R7 values within a
factor of two of the turbulence threshold, i.e. R < 0.5. This result
is unchanged if only cloud case sondes are used. The percentage of all
sondes exhibiting values of R7 or R4 less than or equal to 4.0 ranges
from ~10% to 30% for R4 and from ~15% to ~20% for R7 with the minimum
values occurring in summer and the maximum values occurring in winter.
These values are increased by a couple of percentage points, if only
cloud case sondes are used.

For the following discussion, no distinction is made between
thick and thin cloud cases. Differences between these groups are con-
sidered later. In Figure 9, the relative frequency of occurrence of
cloud cases with Richardson number less than or equal to a given value
in each of the over-cloud, cloud-top, and sub-cloud layers is given for
both the summer and winter seasons. Similar plots for fall and spring
lie between the corresponding winter and summer curves and are general-
ly closer to the winter curve. In summer, a higher percentage of the
cloud cases have values of RO’ RT and RS less than or equal to 0.25,
when compared to the winter season. However, the winter cases show a
larger relative frequency of RO, RT and RS less than or equal to 4.0,
i.e. relatively small Richardson number, when compared to the summer
season. In all seasons, the relative frequency of cases with
Richardson number less than some given value is greatest for the cloud-
top layer and smallest for the over-cloud layer. This does not hold
for the smallest Richardson numbers, as in winter, the sub-cloud layer

most frequently exhibits values less than 0.2 and in summer, the
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sub-cloud layer least frequently exhibits values Tess than ~0.4. The
cloud-top layer possesses the maximum Richardson number of the three
layers in nearly 40% of the cases in an average season. However, in
nearly 35% of the cases, minimum Richardson number is observed in this
layer.

The data shown in Figure 9 and the preceeding discuséion are mbst
applicable to the thin cloud cases due to the dominance of these cases
in the total cloud case sample. For the thick cloud cases, the small-
est values of Richardson number tend to be less common for the sub-
cloud and cloud-top layers and more 1ikely for the over-cloud layer,
when compared to the thin cloud cases. The differences in relative
frequency amount to less than 3% between the two groups at Richardson
numbers less than 0.5 in each season. Considering cases exhibiting
Richardson numbers less than or equal to 4.0, the same pattern is found
though the differences between the thin and thick cloud cases for a
given layer are larger, i.e. "12% maximum difference.

A Richardson number of 0.25 or less for the mean flow is re-
quired for turbulence and turbulent transports to be maintained by the
mean flow. Since only a small percentage of these cases exhibit such
small Richardson numbers, it is concluded that, in general, these
clouds are not formed as a result of widespread turbulence generated
by the mear; flow. The Richardson number quantifies the relative im-
portance of buoyancy forces and mechanical forces, i.e. shear, in the
production of turbulent kinetic energy and, thus, also the turbulent
energy transports. Considering the cloud-top layer, in only 20% of
the winter cases and in only 15% of the summer cases, is the mechanical

production greater than or equal to the buoyancy production. Thus, in
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general, buoyancy forces are the more dominant factor influencing the
production of turbulent kinetic energy and the associated convective
energy. transports for middle and upper tropospheric stratiform clouds.
Therefore, it is primarily thermal perturbations and not wind speed
perturbations that are responsible for vertical eddy circulations with-
in these clouds.

These analyses seem to be sensitive to the vertical resolution of
the data set. This may be seen by comparing the relative frequency of
the very small values of Richardson number, i.e. < 0.25,'for the cloud-
top layer to that of the 350 mb to 450 mb layer for cloud case sondes.
The difference in relative frequency is more than an order of mangi-
tude. The mean cloud-top layer is ~n %-the pressure thickness of the
350 mb to 450 mb layer. It is possible that with better vertical
resolution, the smallest values of Richardson number may occur more
frequently. However, since all significant levels are included in
the rawinsonde data set, we suggest that this problem in minor.

Recall that slight errors in the location of cloud-top pressure
were hypothesized based on the analysis of dry static stability, i.e.
Section 3.1. If this is true, then the effect on the frequency dis-
tribution of Richardson numbers is to reduce the relative frequency
of small values for the over-cloud layer and increase the relative
frequency of small values for the cloud-top layer. It is unlikely

that these adjustments would substantially alter the above conclusions.
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4. SUMMARY AND CONCLUSIONS

This study characterizes the static environment of middle and_
upper tropospheric stratiform clouds as deduced from rawinsonde data
from 24 continental U.S. stations between 30°N and 50°N latitude for
the year 1977. The analyses are limited to pressures less than 500 mb
and temperatures between 0°C and -40°C. Thus, primarily ice-phase
cloud forms are considered. Computed relative humidity with respect
to ice is used to diagnose the presence of a cloud layer. Good agree-
ment is found between climatological estimates of seasonal mean middle
and upper tropospheric cloud cover deduced from surface observations
and estimates based on this technique.

Thin cloud Tayers and thick cloud layers are treated independent-
ly. A saturated layer which is less than or equal to 50 mb thick is
designated as a thin cloud case. Otherwise, the saturated Tayer is
defined as a thick cloud case. The analyses are performed on a sea-
sonal basis. No regional distinctions are attempted.

Three layers are defined for the analysis of a cloud case. These
are the uppermost saturated layer, the next higher layer and the layer
below the lowest saturated layer, i.e. the cloud-top layer, the over-
cloud Tayer and the sub-cloud layer, respectively. Cloud cases with
missing data at any of the levels defining these layers are eliminated
from the analyses. Over 3600 cloud cases qualified for the analysis.
For each of the layers, the dry static stability, the vertical shear
of the horizontal wind speed and the atmospheric analog of the
Richardson number are computed. Seasonal means for each of these

quantities for both cloud thickness groups are presented. The
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corresponding relative frequency distributions are also presented for:
some of 'these quantities. In addition, various structures for each
parameter are defined in terms of the relative values of the parameter
in each of the three layers, e.g. increasing stability with height
through 'the three layers. The relative frequency of occurrence of
these structures is presented for each season and thickness group.

A number of different conceptual models of the stability strati-
fication and shear structure associated with these cloud forms are
briefly reviewed. This study attempts to establish (in a quantitative
way) the applicability of each of these models for the domain of this
analysis.

On a case by case basis, the observed values of the dry static
stability, the vertical shear of the horizontal wind speed and the
Richardson number may vary over quite large ranges for each layer for
either cloud thickness group. The observed stability stratification
and vertical wind shear structure about cloud layers is found to be
quite variable. Cloud cases exhibiting structures corresponding to
each of the different conceptual models may be found in all seasons
for both cloud thickness groups. Some structures are found to be sub-
stantially more common than others. Some of the observed variability
may possibly be explained as arising from errors in locating the actual
cloud-top level. These errors may arise due to the differing response

rates of the humidity and temperature sensors, (i.e. hysterisis of the

humidity sensor may lead to an indication of continuing saturation for"

a small distance after the sonde has exited the cloud layer). How-

ever, the corresponding indicated temperatures and, thus, stability

y
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pertain to the over-cloud layer as the response of the temperature
sensor is much faster, especially for these temperatures and pressures.
The major conclusions resulting from these analyses are presented

below.

1. In all aspects, the thick cloud cases exhibit larger

seasonal variability, than the thin cloud cases.

Since cyclone intensity and the associated upper
level flow undergo substantial seasonal cycles, it
is concluded that the environment of thick middle
and upper level cloud forms is much more strongly
tied to cyclone intensity than that associated with

thin cloud forms.

2. Buoyancy forces are the primary factor influencing

the generation of turbulent kinetic energy, and,

hence are the primary forces maintaining the
vertical transports in middle and upper tropo-
spheric clouds. In only 15-20% of the cloud cases
is the mechanical generation, i.e. shear production,
of turbulent kinetic energy of equal or greater
magnitude. Only rarely is production greater than
dissipation of turbulent kinetic energy in the mean
flow. Thus, the turbulent energy transports
associated with these cloud forms do not result
from turbulence maintained by the mean flow.

3. Thick Cloud Layers

a. The classical model of the cloud layer existing

Jjust above an elevated frontal zone is appropriate
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for a majority of the thick cloud cases. However,
a substantial portion of the cases do not exhibit
the very stable sub-cloud layer associated with a
front. This may be partly due to problems in
locating cloud base or to the actual exténsion of
the cloud layer below the front due to precipita-
tion processes occurring in its mature stage.

A majority of the cases, also, exhibit a relatively

stable layer in the vicinity of cloud-top. It 1is

not clear whether this feature may be typically
explained as a frontal zone or simply due to radia-
tive and evaporative processes occurring in this
region.

Well mixed conditions are not commonly observed in

any of the three layers, i.e. < ~15% of the cases
for either of the layers exhibit a moist adiabatic
lapse rate. However, lapse rates within 1°K/km to
2°K/km of moist adiabatic are typically observed in
the cloud-top layer.

The vertical shear of the horizontal wind speed is

most commonly a maximum in either the sub-cloud

layer or the cloud-top layer. This supports the

conclusion that a frontal zone is typically associated
with the sub-cloud layer and that a stable capping
layer exists in many cases. The structure with
maximum vertical shear of the horizontal wind speed
occurring in the sub-cloud layer is the mean structure

observed.

‘8
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4. Thin Cloud Layers

a) The typical structure observed for the thin cloud

cases does not correspond tc the classical model.

In fact, the sub-cloud frontal zone is not commonly

observed.

b) The over-cloud layer is very stable in a majority

of the cases. The observed stability strongly
suggests the presence of a frontal zone. However,
the potential effects of radiative and evaporative
processes could possibly account for this structure.
A majority of the cases, which do not exhibit the
very stable over-cloud layer, do show a tendency
for a weak stability maximum in the vicinity of
cloud-top.

c) The cloud-top layer and the sub-cloud layer are

found to be very similar in most regards. Approxi-

mately 25% of the cases exhibit lapse rates corre-
sponding to near moist adiabatic conditions in these
two layers, i.e. the layers are well mixed. Typically,
the observed stability of these two layers corresponds
to lapse rates within 1°K/km to 2°K/km of the moist
adiabatic lapse rate.

d) In the mean, vertical wind shear is a maximum in the

over-cloud Tayer though maximum or minimum shears
are most commonly observed in the cloud-top layer.
A surprising result is that the magnitude of the

shear is observed to be larger when negative shear
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is observed, than when positive shear is observed for
each of the layers for the thin cloud cases. We do
not have an explanation of this occurrence. The

thick cloud cases show the opposite tendency.

 J
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In recent years, middle and upper tropospheric stratiform clouds
have been increasingly recognized as an important factor in modulating
climate (Schneider et al., 1978). This is particularly true of cirrus
clouds (Cox, 1971). The reason for this importance is twofold. First,
middle and upper tropospheric stratiform clouds cover extensive areas
of the earth. Based on surface observations, London (1957) estimated
the seasonal mean gzonal cloud cover at these levels to range from ~ 20%
to ~ 40% depending on the season and latitude zone. Starr and Cox
(1980) gave similar results based upon their analysis of rawinsonde
data. Second, clouds are very radiatively active. Particularly for
cirrus clouds, the radiative effects are further enhaﬁced due to their
vertical location relative to the vertical radiative structure of the
clear atmosphere. This effect has been previously noted by Starr
(1976), Cox (1971) and Manabe and Strickler (1964) among others. The
potential magnitude of the radiative effects of clouds may be seen in
Figure 1. The data points correspond to computed broadband infrared
heating rates for the entire atmospheric colum in a maritime tropical
atmosphere for various specified cloud top pressureé and cloud infrared
radiative properties. Note that e* may be interpreted as the producf
of the area cloud cover and the broadband infrared cloud emittance.

The effect of cloud location and, thus, cloud temperature is clearly
seen in the increasing sensitivity of the total atmospheric cooling to
the specification of cloud cover and cloud emittance as cloud top pres-
sure and, thus, temperature decrease. It is of note that radiatively

black high level cirrus clouds can halve the total column cooling. It
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is precisely the latitudinal gradient of radiative heating which drives
the general circulation and, thus, is a primary factor in determining
global climate (Lorentz, 1967).

As noted by Starr (1976), the radiative effects of upper level
clouds on the static stability structure of the atmosphere are poten~-
tially even more significant, i.e. changes in the vertical structure of
radiative heating. It follows that upper level clouds may have a sig-
nificant effect on the way that the atmosphere responds to the radiative
forecing. This may be seen in the results of Yanai gi_gi. (1976), where
the response of cumulus convection to the large-scale radiative environ-
ment is very sensitive to the vertical radiative structure. At the
least, clouds and particularly high level clouds are potentially the
single most important atmospheric paraméter modulating the local radia-
tive budget of the atmosphere. |

However, the interaction and relative importance of the various
physical processes involved in the formation, maintenance and dissipa-
tion of upper level cloud layers are not well understood. In addition,
quantitative information as to the physical properties of these cloud
types has been lacking. The reasons for this lack of basic knowledge
are primarily twofold. The impact on man of upper level cloudiness
has been widely believed to be minimal. These clouds are not a direct
source of economic or life damaging severe weather nor are they directly
responsible for precipitation which may harm or benefit man.

Besides their potential importance on climatic time scales, it
has, also, been suggested that cirriform clouds may ﬁlay a significant
role in enhancing the precipitation efficiency of mid-latitude cyclone

systems by acting as a natural cloud seeding agent (Braham and
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Spyers-Duran, 1967, Douglas et al., 1957 and Marshall et al., 1952)
and, also, in modulating the intensity of tropical weather systems by
means of their radiative effects (McBride and Gray, 1980 and Foltz and
Gray, 1979). Cox (1969) has shown that the radiative effects of cirrus
clouds may enhance both the growth and decay stages of mid-latitude
cyclones. It is also obvious that the presence of upper level clouds
may affect the subsequent initiation and intensity of mesoscale convec-
tion by modulating the incipient environment through their radiative
influence on surface and atmospheric temperatures. For similar rea-
sons, upper level cloudiness may significantly impact.agricultural pro-
duction particularly for crops which are crucially sensitive to surface
temperature, e.g. corn. Relatively small changes in agricultural pro-

duction, including the forecasting thereof, are becoming increasingly

important to society as a whole due to the pressures of growing popula-
tion and the subsequent economic ramifications. For these reasons, in-
advertent weather modification due to cirrus cloud formation in the
wake of jet aircraft has received increased attention of late (e.g.
Machta and Carpenter, 1971). Thus, it is now apparent thét upper level
cloudiness may have a substantial impact on man and, thus, is a worthy
topic for research.

The second reason that cirriform clouds are not well understood
resides in one Simple fact. They are located high in the atmosphere.
Until the advent of Jet aircraft, in situ observations were very diffi-
culT:;;Efcfhus, very sparse (Heymsfield, 1975a). Even with high alti-

tude research aircraft, sampling problems are substantial, primarily

due to the required aircraft speed at such altitudes. Only recently,

with the introduction of optical particle sampling devices : .



with very fast sampling rates (Knollenberg, 1970), have substantial
quantities of microphysical observations been made, e.g. Griffith et al.
(1980), Varley (1978), Heymsfield (1975a, 1977), and Hobbs et al.
(1975). It should also be noted that until the mid 1970's, even rawin-
sonde humidity data at middle and upper tropospheric levels were in-
accurate and highly unreliable especially during daylight hours (Starr
and Cox, 1980, Rhea, 1978 and Betts, 1973a). In addition, observations
of the radiative properties of cirrus clouds are now becoming more
plentiful, e.g. Paltridge and Platt (1980), Griffith et al. (1980), Cox
'(1976) and ‘Allen (1971). Thus, the information available has now in-
creased to the point where a detailed consideration of the physical
Processes involved in the 1life cycle of upper level cloud layers is now
feasible and warranted.

To date, studies in this area have been of limited scope and very
qualitative, e.g. Yagi (1969), Matvejev (1965), Conover (1960), Oddie
(1959) and Ludlam (1947, 1956). Exceptions to this are the excellent
studies of Heymsfield (1975c, 1977), where dynamical and microphysical
aspects were considered in some detail. The study presented here may
be regarded as a theoretical extension of these preliminary studies.

The deficiencies in our understanding of cirrus clouds are probably
best exemplified by noting the very simplistic treatment of these cloud
types in generai circulation models (i.e. GCMs). When cloudiness is
carried as an interactive model component, (which is not the case in
many simulations reported in the literature where climatology is speci-
fied), the diagnosis of upper level cloud amounts is based on a formu-

lation given by Smagorinsky (1960) or something very similar where the

large-scale relative humidity is the determining factor. A large-scale




vertical velocity criterion is also used in many instances. The wide-
spread use of this specific formulation (Starr and Cox, 1977) is more

a consequence of its availability than any assurance as to its actual
appropriateness. Though it may fortuitously have some statistical
significance (Sommeria and Deardorff, 1977), it was originally derived
from upper air relative humidity data which were nortoriously inaccurate
at that time, as noted previously. In addition, it implicitly relies
on the appropriateness of what may be called the "classical model" for
slope convection. In this model, which is depicted in Figure 2, upper
level cloud layers result from the 1ifting and subsequent adiabatic
cooling to saturation of air masses in association with frontal motions.
Conover (1960) points out that this does not seem to be the case with
Jjet stream cirrus layers. Starr and Cox (1980) reported that based on
an extensive climatological study of the static stability and wind shear
structures associated with upper level clouds, that the classical model
was inappropriate in a large portion of the total cases. This was
particularly evident with thin fair weather cloud forms. The observa-
tional studies of fair weather cirrus, alluded to earlier generally
support this conclusion. As pointed out by Roach and Bader (1977),

once formed, ice phase clouds are observed to persist for significant
time periods in seemingly unfavorable environments, where the classical
model would fail to diagnose their presence.

Furthermore, cirrﬁs cloud layers are generally assumed to be half
black in the infrared. As pointed out by Allen (1971), this choice
seems to be more a result of knowing that the emittance had to be less
than one but greater than zero than any real theoretical or observa-

tionally based criteria.
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Figure 2. Classical model of the environment associated with slope convection. lote
that strong vertical shear of the horizontal wind direction exists across
the frontal gzone.




Thus, the parameterizations of cirrus clouds generally employed in
GCM's are seen to have only a weak physical basis. It is the aim of
this study to begin to form a comprehensive physical basis upon which
“future improvements in this area may be made. It should be noted that
recently, more realistic treatments of middle level stratiform cloudi-
ness have been reported (Sundquist, 1978, 1980) where cloud water is
actually carried in the model. However, this parameterization is more
appropriate to liquid phase clouds. As will be shown later, the dif-
ferences between liquid and ice phase stratiform clouds are substantial.

The objective of this study is to gain a basic understanding of the
interplay of the various physical processes involved in the formation,
maintenance and decay of middle and upper tropospheric stratiform

clouds. The focus of the study is limited primarily to ice phase, fair

weather cloud forms. Thus, mixed phase clouds are not considered. In '

addition, deep cloud layers associated with regions of strong lifting
in cyclones are not directly addressed. A modelling approach is adopt-
ed, where simulations of cirriform clouds, which attempt to incorporate
the important physical processes in an interactive manner, are per-
formed.

The choice of a specific modelling approach is highly influenced
by the fact that the interrelationship between a number of presumably
important physical parameters are unknown or, at the least, highly
speculative at this time. For example, the bulk radiative properties
of a cloud such as its infrared emittance and solar absorptance must be
related through the microphysical properties of the cloud. Only re-
cently have theoretical studies of ice clouds, which address this

issue, been reported, (e.g. Stephens, 1980 and Liou, 1972). However,




such theoretical relationships rely critically on the assumed erystal
habit and size spectrum and also possibly on the assumed crystal orien-
tations. How these properties depend on the dynamic, thermodynamic and
radiative environment of the cloud is uncertain. Empirical studies,
e.g. Paltridge and Platt (1980) and Griffith et al. (1980), also suffer
from uncertainty due to the scatter of the observations. Because of
these uncertainties, the modelling philosophy adopted here is to choose
an approach which is the most simple method capable of yielding realis-
tic simulations. In this way, the sensitivity of simulations to the
choice of various parameters may be economically established in a real-
istic manner.

A two-dimensional, time-dependent, Fulerian numerical model, which
incorporates all of the important physical processes in a simplified
way is employed to investigate the role of these processes in the evolu-
tion of a cloud in an isolated atmospheric layer. A time-dependent
approach was adopted so that the changing roles of various processes
at different stages of the cloud life cycle might be investigated. A
Eulerian model is employed due to the abundance of knowledge available
as to the mechanics of this type of model. By two-dimensional, denoted
2-D, we mean that solutions are obtained for dependent model variables
in two space dimensions, e_-.g. (x, z, t)v.

A full 3-D modelling approach, e.g. Sommeria (1976), Cotton and
Tripoli (1978), was rejected primarily because of the substantial in-
creases in computing requirements and complexity. While a 3-D model
has the advantages of being capable of simulafing the effects of spac-
ial variability of the large-scale environment and full three-

dirensional turbulent transport processes, the focus of this study is

g




on local scale control, i.e. cloud forms, which are not dominated by
large-scale processes. The neglect of turbulent transports in a third
space dimension is not felt to be too severe of a drawback to the 2-D
approach especially considering the present state of knowledge.

A 1-D modelling approach was rejected primarily because of un-
certainty as to the appropriateness of the required closure assumption
and the desire to capture more detail in the simulations as an aid in
gaining understanding. The primary advantages of a 1-D modelling
approach are the overall simplicity of the model and the resulting
computational economy. In the case of entrainment type models, e.g.
Lilly (1968), Schubert, et al. (1979), and Randall (1980), these advan-
tages are at least partially offset by their limited applicability.

The assumed thermodynamic and dynamic structure of the environment,
which is necessary and crucial to the entrainment closure assumption,
may not be nearly as applicable to the problem here as to the strato-
cumulus problem which they considered. This conclusion is supported by
the work of Starr and Cox (1980). A more global 1-D approach as been
employed by Oliver, et al. (1978); They employ a second order turbu-
lence closure, where the requir;i correlation coefficients for turbu-
lence parameters are diagnosed from fhe structure of the basic state
based on empirical relationships derived primarily from observations in
the atmospheric'boﬁndary layer. These relationships are believed to be
more general but may not be universal.

An obvious important advantage of a 2-D or 3-D modelling approach,
when compared to the 1-D approach, is that horizontal structure is ex-
plicitly resolved on the grid scale. This may be a substantial aid

in clarifying the interpretation of results, particularly if the
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. evolution of such structure is important in the understanding of the
cloud 1life cycle process as noted by Ludlam (1947) and Heymsfield
(1975b). Furthermore, if a reasonably small grid interval is used;
much of the turbulent transports are explicitly resolved. In this case,
the choice of a particular turbulence closure scheme for the model,
which accounts for processes acting at a scale less than the grid in-
terval, may not be as crucial to the results. In this sense, the
wmiversality of the closure need not be as rigorously established as
in the case bf a 1-D model where essentially all turbulent transport
processes are parametrically represented. Asai and Nakamura (1978),
Arnason et al., (1968) and Lilly (1962) among others have successfully
applied the 2-D approach in studies of convection in the atmospheric

boundary layer and lower troposphere.
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II. THEORY

The theoretical framework, which forms the basis for the numeriecal
model, is developed in this chapter. Before presenting the governing
equations, some general interpretive considerations must be made. Time
dependent solutions to the governing equations are obtained on a rec-
tangular, two-dimensional, vertical plane of constant elevation. Loca-
tions within this plane are specified in terms of a horizontal coordi-
nate, x, and a vertical coordinate, z. No particular geographic
significance in terms of orientation should be ascribed to the direc-
tion of the x-axis.

Consistent with the use of a two-dimensional approach as developed
here, solutions may be interpreted for the full three space dimensional

case as corresponding to a slice perpendicular to some mean horizontal

wind component as depicted in Figure 3. In this sense, the solution
domain may be viewed as being advected along the direction of this mean
wind component. Thus, the model is not formally applicable to the
situation where vertical or horizontal shears of the mean current are
present within the plane of interest. A second interpretation, which
might be invoked, is that the solution domain is fixed relative to the
earth. In this case, the plane must again be oriented perpendicular

to the mean horizontal current where no wind shears are permitted in
this current. However, it is explicitly assumed in this instance that
the slice under consideration is exactly the same as any other similar-
oriented slice. Thus, the solutions might best be interpreted as cor-

responding to the case of structures which appear in three dimensions

as longitudinal rolls relative to a basic current. The best
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Figure 3. Schematic representation of the spacial domain adopted for this siudy.




atmospheric analogy would be the jet stream cirrus cloud streaks de-
seribed by Conover (1960), which are typically oriented parallel to the
Jet axis. Hopefully, extensions of these model results may be made to
the full three dimensional case. Note that the two-dimensional model-
ling approach can be adapted for a mean current in the plane of interest
as in Lipps (1971). However, this is generally not convenient for the
purposes here, although some attempt to investigate the role 5f verti-
cal shear of a lateral wind component on cirrus cloud formation is made.

In this model, the plane of interest is generally specified as
"N 3 km in depth. The horizontal dimension is generally specified as
‘elther ~ 6 km or v 12 km though periodic lateral boundary conditions
are imposed, as will be seen in the following. In this sense, the
horizontal domain may be viewéd as infinite subject to the constraints
imposed by the lateral boundary condition.

The dynamics of two-dimensional fluids are governed by the princi-
Pple of conservation of momentum i.e. Newton's Laws, which may be ex-

pressed by a reduced form of the Navier-Stokes equations as:

aow) . % ,2% % T
dt ox ox 0z

and (2.1)
d( pw) _ 3p 3 9z 9 Tox

A v P P

where u and w are the velocity components in the x and 2z directions,
respectively; p is the density; p is the static pressure; and g is the

acceleration due to gravity. The viscous siress components for a




Newtonian fluid are represented by the last two terms in each equation

where:

5 ou 2 ,du ow

Oy = u 3% " 3 §§'+ 5;0] P
_ aw 2 ,9u  dw
Uz = M [ZB—Z-_-B—(E 'c)_z)] P)
_ - Ju , ow
Tz = Tgx T H [5; * 3% (2.2)

and ¥ is the dynamic viscosity of air. Note that

In addition to the usual assumptions, which are appropriate for
tropospheric air, where the net electrical, magnetic, ete. forces are
neglected, the following assumptions have been made. The flow is
limited to two dimensions where either the velocity component into the
plane of interest is regarded as zero or the gradients in that direc-
tion of all quantities are similarly regarded as zero. Furthermore,
Stokes' hypothesis has been empioyed for the stress terms along the
direction of interest, i.e. o, and 0,5 as in Schlichting (1968). In
addition, terms due to the curvature and rotation of the earth have
been neglected except of course in the usual definition of g where
effects due to gravitational forces and apparent centrifugal forces are
included. This is consistent with the application here, where these

equations are to be applied to a domain which has a relatively small

horizontal dimension (Holton, 1972). It is, also, consistent with the




interpretations, noted previously, where the geographic orientation of
the plane of interest is determined by its orientation to some basic
current. Thus, Coriolis effects may be regarded as operating on the
basic current, though this is not explicitly considered here.

A second governing principle is the conservation of mass, which

may be expressed for a two-dimensional fluid by the continuity equation

in the form:

g_'?:. + %(pu) +%(pw) = 0. (2.3)

Following from Kraus (1972), for atmospheric motions where the vertical
displacements are small compared to the atmospheric scale height (n 8
km for the troposphere), the continuity equation is well approximated

as:

.ﬁ""e—z— 0. (2.4)

Thus, the atmosphere is regarded as locally incompressible or anelastic
and the wind fields are consequently non-divergent.

In a consistent mamner, if compressibility effects are neglected
in the viscous stress terms, Equations (2.3) and {2.4) allow Equation

(2.1) to be expressed as:

. B.d 9T
du _ _%, x, Xz
P dt 0x  ox 3z
and (2.5)
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dw _ ap Z ZX
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where:
o, = 2uge and o, =

Again following from Kraus (1972), for relatively shallow atmos-
pheric disturbances, the perturbations of density from the mean value
of the layer under consideration may be neglected except when coupled
with the gravity term in the momentum equations. This is consistent
with the previous assumption leading to Equation (2.4) and represents
the familiar Bousinesque approximation, which has been discussed in
great detail by Ogura and Phillips (1962). This approximation has been
widely used in studies of atmospheric convection. Its validity rests
on the relative shaliowness of the disturbance and the implicit assump-
tion that wave motion with time scales less than N-1 are unimportant in
the solution where N is the well known Brunt-Vdisila frequency. Thus,
waves moving'faéter,than gravity waves, e.g. sound.waves, will not be
‘present in the solution...This approximation is valid in the problem
here, though probably not as.vgl?d.as in studies of the atmospheric
boundary layér:where it is nofmally applied. This approximation allows

the governing momentum equationi to be further simplified to:

_@2 i __]-_EP_.,_BGX . 3sz
dt pOo X 9x 2z
and . (2.6)
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where Poo is the mean density in the layer of interest and p” is the ‘
local deviation of density from the mean value at any level. This

definition of p” involves a slight approximation, which is generally

very valid for atmospheric layers (Kraus, 1972). Note that the stress

components have been redefined in Equation (2.6) where:

u _ ow
OX = 2V 3% OZ = 2V 5z °
(2.7)
_ Ju , ow ‘
Txz = Tax T V(az+_8_x') ’
and v is the kinematic viscosity of air, consistently defined as:
= U
V = — ., (2-8)
Poo

Thus, the spacial derivatives of 1/p have been neglected in formulating
these terms. Hereafter, v is regarded as a constant. Though V has
temperature and pressure dependencies (Schlichting, 1968), these assump-
tions are consistent with the pArEav:_'Lous approximations. Also, when
applied in discrete space, the.‘meaning of this term is substantially

altered as will be seen later.

The approximate momentum equations may now be combined to yield:

dg  _ 3 ,p” 2
= = __gﬁ(ﬁ) +v V¢ (2.9)

where ¢ is the component of vorticity into the plane of interest de-

fined as:




_ oW
c = 3% " 5% (2.10)

and V2 is the two-dimensional Laplacian operator defined as:

G 32
\) = —3 + -z (2.11)
9x 092z

Note that the sign of z as defined here is opposite to that conven-

tionally used, i.e.

Z =-joVzxVW

ey

where j is a unit vector into the plane of interest and W and WV are
the three dimensional divergence operator and wind velocity vectors,
respeétively. This is done purely for convenience and has ﬁo effect
on the dynamics.

Given the developments to this point, it is now appropriate to

introduce the streamfunction Y, where:

= _ oy = 9y
u = -gf and w = o (2.12)
and, thus; :
= V. (2.13)

This allows the Equation (2.9) to be rewritten as: ;

T s T -e (v (2.14)
e]0) .

where the Jacobian operator is defined as:




J(a,p) = 2A _ BA DY (2.15) .

for any quantity A. The utility of employing ¢ resides in the fact
that given the integration in time of the prognostic Equation (2.14),
the new wind fields may be readily diagnosed by inverting the diagnos-
- tic Equation (2.13) for { and employing Equation :(2.12). Solutions of
Equation (2.13), which is of the form of a Poisson's equation, are
available.

Now, following from Ball (1956) and consistent with the approxi-
mations employed here for a shallow layer, local pressure perturbations
from the horizontal mean pressure may be ignored in the equation of
state. The equation of state for moist tropospheric air is well ap-

proximated as:

1

¢ (754 )T (2.16)

where Rg is the real gas constant for dry tropospheric air, T is the
temperature, q is the specific humidity of water vapor and € is the
ratio of the molecular weight'éfﬂwéter to that of dry air. Note that,
except for the water content, <i: cqﬁposition of tropospheric air is
assumed to be constant and van der Waél's effects have been neglected.

Thus,

_g_ = __TV (2.17)
o}

v
o]

-

where the subscript O denotes a horizontally averaged quantity and




= 1+aq/e
T, = T (m—) . (2.18)

Noting that q << 1, binomial expansion of Equation (2.18) yields a

highly accurate approximation for Tv as:

~ l-e
T, = T+T(T)q.

Neglecting the mean level cross correlation (q'T')O compared to qOTO

allows:

~ 1l-e
T = Tt ( € ) %%
which may be further approximated as:

T = T (2.19)

since l-e
(_ETJ 9y << 1.

Thus, with some manipulation,

S T.” - - ' (q7T")
V ~ T * l—€ L O 1—8 -~
T, -7 {l + € (éo oLt )} * € ) a
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o

which may be further reduced as:

T~ -

V ~ T 1"‘€ -

T = Tt (F)a (2.20)
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In a consistent manner,

TI :: G)
T % 5 (2.21)
o 0
where
- T
0 = — (2.22)
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R /c
_ , P, g/ jY
L ( ) (2.23)
Prer
and Prer is some reference pressure. Effects due to the presence of

water vapor have been ignored in the definition of potential tempera- -

ture 0, i.e. cp and Rg are the specific heat and real gas constant for

dry air, respectively. Pressure perturbations have been neglected in .
the definition of 6 (i.e. m = ﬂo), which is consistent with the above

as in Ball (1956). Thus, Equations (2.17), (2.20) and (2.21) may be

combined to yield:

O;’
S}
o}

< ~ . N 1—8 -
- gl— B = (=) a7 - (2.24)
00 .00
where consistent with the Bousinesque approximation, eoo has replaced
Oo. Note that the contribution of non-vapor phase water to the buoy-
ancy parameter B has been incorporated by the additional term £ which

is the specific humidity of non-vapor phase water, i.e. ice water.

Subsititution of Equation (2.24) into Equation (2.14) allows:

9T _ o B 2
55 = J(g,xp)+g§x—+vv z . (2.25) .




Integration of this equation in time is an initial value problem, where
boundary conditions for the various terms must be specified. For this
study, the layer of interest is regarded as at rest with respect to

some predefined basic state. In this sense, £ and Y are, therefore,

regarded as purely perturbation quantities and are initially everywhere
zero within the domain. Disturbances within the layer are regarded as
isolated from the environment external to the layer. Thus, the appro-

priate boundary conditions at the top (T) and base (B) of the layer are

that:
ET = CB = 0 (2.26)
wT = wB = Q (2.27)
and
]9 = 0 (2.28)
E _ = . .
Z = 2Zp OT Zp

The first two conditions confine ‘any disturbance which evolves to re-
main entirely within the region of interest. The last condition states

that there 1s no stress at the boundaries. In additionm,

and
2T = ZB = .0 (2.29)

will, also, be imposed.
Noting the .desired interpretations as stated in the beginning of
this chapter, periodic boundary conditions are imposed in the lateral

direction, i.e.

-
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S(x, z) = S(xp5 2) (2.30) .

where S is any quantity and X and x_ denote the left and right bound-

R
aries of the domain, respectively. Consequently, no net horizontal
pressure forces, including the horizontal stress forces, are allowed at
any level at any time. Thus, except for the initial conditions on @oo’
0%, q” and %, all the initial conditions and boundary conditions nec-
essary for the solution of Equation (2.25) have been specified.

One additional feature is incorporated into the model. A basic
state vertical motion is allowed. As a consequence of the previous
developments, the basic state vertical velocity, W is constrained to
be everywhere a constant. Furthermore, v must remain constant in time
and must, therefore, be regarded as an initial condition. Equation

(2.25) is appropriately modified as:

a_% = J(c,w)-woa—g+g%+vvz'c. (2.31)

Equation (2.31) is the governing dynamic equation adopted for this
study. The terms on the right-hand :ide describe the contributions to
the tendency of ¢ due to advection by the perturbation wind field,
advection by the basic state wind field, generation and destruction of
T by buoyancy forces and viscous dissipation of perturbation kinetic
energy via diffusion processes.

The governing thermodynamic principle is conservation of total
energy, i.e. the first law of thermodynamics. An approximate statement

of this principle is:




dT do. 2
cv-H+pH=®+QR+Qc+KTVT (2.32)

where o is the specific volume and Cy is the specific heat of air at
constant volume. The first term on the left-hand side represents
changes in internal energy, i.e. the energy associated with purely ran-
dom molecular and intra molecular motions. The second term represents
the work done in expansion and compression. In addition to the usual
assumptions, which are generally valid for tropospheric air where net
changes in electrical, magnetic, etc. energies are neglected, it has
also been assumed that net work done by bulk pressure gradient forces
including dynamic pressure forces and the force of gravity are exactly
balanced by the corresponding changes in kinetic energy, i.e. the
energy associated with the net non-random motions of large groups of
molecules. Thus, these terms do not appear in Equation (2.32). The
first term on the right-hand side of Equation (2.32) represents the
frictional heat source due to the viscous dissipation of kinetic energy,
i.e. the energy transformation associated with the degradation of non-
random to random molecular motions. This term will be neglected, here-
after, because for tropospherié:qir, t is typically very much smaller
than the remaining terms. The next two terms represent the heat
sources due to radiative processes and phase changes of water. The
last term accounts for heat conduction. This term is generally ne-
glected in atmospheric studies. It is retained here only because when
the governing equation is applied in discrete space a term of similar
form but very different meaning occurs.

If tropospheric air is assumed to behave as an ideal gas and,

thus, obey the kinetic theory of gases, noting Equations (2.22), (2.23)

4




and (2.16) with q assumed equal to zero, Equation (2.32) may be re-

written as:

%% = cplﬂo- {gsz:“ + L c} + Ky v 0 (2.33)
where FR is the net upward radiative flux, C is the net rate of phase
change of water and L is the appropriate specific latent heat of water
phase change, e.g. L is the specific heat of condensation when C is the
condensation rate. Consistent with the previous developments, cp is
assumed equal to the specific heat of dry air at constant pressure and
the horizontally averaged values of P, and T have been employed.
Similarly, the spacial gradients of 7 have been neglected in formulat-
ing thé conduction term.

-In addition to the neglect of the water vapor contribution to
both cp and the ggs constant when deriving Equation (2.33), the source
terms on the right-hand side are presumed to input energy to only the
gaseous components of the system. As pointed out by Betts (1973b),
Equation (2.33) describes pseuddhmbist adiabatic processes in the pre-
sence of the noted diabatic engrgy séurces, where it is explicitly
assumed that changés in the mass per unit volume of the gases consider-
ed due to phase changes of water are negligible and that no energy
changes other than that directly realizable via the phase change pro-
cesses may occur due to advection of non-vapor phase water into or out
of a given volume of air.

Noting the derivation of the governing dynamic equation, Equation

(2.33) may be written in a similar form as:

P>
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This equation may be further modified as:

(e +0)
96 _ o 2
Er J(eo * 0, 9) - Yo 3z tre VO
oF
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where 60 represents the horizontally averaged initial potential tempera-
ture at a level and 8 represents the local perturbations from this basic
state value, i.e. previously denoted ©°. This is the governing thermo-
dynamic equation adopted for this model. Note that thermal conduction
(diffusion) is presumed to act only on the perturbation quantity 6.

In addition to the previously imposed lateral bouﬁdary condition
and the boundary conditions on 8 at the top and base of the layer, the

additional condition that:

3z .1: E (2.36)

is imposed. Thus, no conduction (diffusion) is allowed across either
boundary. Thus, disturbances are totally confined within the layer of
interest. The manner of specifying the terms FR and IC are deferred to
Sections (3.11) and (3.9), respeétively. Thus, it remains only to
specify the initial conditions for GO and 6 in order that Equation

(2.35) may be integrated in time. Generally, the perturbation




potential temperature field is employed to initiate a disturbance as .
developed in Section (3.12).

Conservation of total water is invoked as a fourth governing
principle. For this model, the total water budget equation is parti-

tioned into two equations as:

3(q + q)
0q  _ (o} 2
-G SR 7 “Orkg Ve (2.37)
and
5% 9% 8 v R 2
5% = J(,Q,,lp)—wo—az——az +c+|<2v 2 (2.38)

which describe the budgets of water vapor and non-vapor phase water

(generally ice water), respectively. These budgets are expressed in .

terms of the respective specific humidities. In a manner similar to
that employed in the governing thermodynamic equation, q, represents
the initial horizontally averaged water vapor specific humidity and q
represents the local perturbatiqps from this value at a level. Note
that C is now specifically defined as the condensation or vapor to ice
sublimation rate. _Furthermore;wzhe_initial condition for non-vapor
phase water is that none exists withiﬁ the domain such that no basie
state exists for &, i.e. 20 = 0. Therefore, all non-vapor phase water
which might occur is regarded as a perturbation of the initial basic
state.

Noting the desired application to discrete space, diffusion terms

have been included in each of the governing water budget equations

where the diffusion processes have been presumed to act only on the .




perturbation quantities q and &. The coefficients Kq and K, are the
respective diffusion coefficients. These terms will be considered in
more detail later.

In addition to the lateral boundary conditions and the vertical

boundary conditions and q and 2 noted previously, the further condi-

tions that:

9q | _
55 Z;Z OOT Z
and T B
a2 |
=1 0 (2.39)

Z=ZT or ZB

are imposed. Thus, no diffusion is permitted across the horizontal
boundaries of the domain.

The term vfl in Equation (2.38) represents the flux of & due to
the effects of the gravity induced relative fall velocity of the parti-
cles comprising £. The parameter v* is the effective relative fall
velocity. The manner of specifying this term is considered in Section
(3.10). It should be noted tﬁat-the boundary condition on & at the
base of the layer of interest ic relaxed when considering this term as
developed in Section (3.3). Thus, précipitation will be allowed to
exit the domain at the lower boundary by virtue of its relative fall
velocity.

Thus, four prognostic equations, (i.e. (2.31), (2.35), (2.37) and
(2.38)) have been derived, which govern moist convection in a relative-
ly shallow atmospheric layer. Integration in time of these coupled

equations requires the additional diagnostic relationship given by

1




Equation (2.13). Diagnostic relationships to specify F,, C and v* are .
also required. These terms are specified in a parametric fashion as

described in the next chapter. Note that microphysical growth equa-

tions are not explicitly incorporated into the model as prognostic

governing equations. The required boundary conditions for the integra-

tion of the set of governing prognostic equations over a finite domain

are given by Equations (2.26), (2.27), (2.28), (2.29), (2.30), (2.36)

and (2.39). In addition, initial conditions, where CIPCI Qs Dy

m and LA must be specified, are required. The required initial condi-

tions for perturbation quantities are specified as:

o
1
1]

O

Oand..g

(2.40) : ‘

everywhere within the domain. Thus, disturbances are initiated via the
initial prescription of & where the mean value of 9 at any level is
required to be zero.

It should be noted that tﬁé bac’: state quantities have only a
vertical dependence, except of course'OOO and W which are constants.
A1l quantities may be reinitialized at any point during an integra-
tion of the model. This would require the adjustment of the values
of 8, q and £ to reflect changes in the basic state pressure field
and the new horizontal mean basic state values in order that the
relevant conservation principles are obeyed. In the case where sub-

stantial trends in the horizontal means of 6 and q occur during a

I | /g




simulation, such a reinitialization procedure would yield more accurate
solutions given the approximations made in this chapter. However, this
is generally not done. The reason for this approach is that the re-
sulting increases in complexity and computational requirements out-
weigh the gain in accuracy, which would generally be small in the
simulations reported here, especially given the level of approximation
already involved in the governing equations.

Before proceeding to the specific design of the numerical model,
a general consideration of the application of the continuous governing
equations to a discrete grid point space must be made. When applied
to a specific grid point which represents a corresponding grid area,
all basic state and perturbation quantities in the governing equations
formally represent the mean value of that quantity in that grid area.
However, perturbations about the grid area mean value of any quantity
may exist in that grid area. Mean cross correlations between any pair
of quantities within a grid area are, therefore, not formally taken
into account in the governing equations. Net transports, which may
result from these mean cross-correlations are not resolved and are
norﬁally referred fo as turbuléﬁt pr:esses. For example, if 6 is the
mean value of perturbation potential temperature on the boundary be-.‘
tween two vertically adjoining grid areas and w is the corresponding
mean vertical velocity, the net flux of perturbation potential tempera-
ture across the boundary is given by:

wo = w6 +wo

where the primed quantities represent the local deviation from the mean

)
O

20




value on the boundary. As given, the model accounts for only the
W8 term.

The manner of specifying the turbulent transport terms is normally
referred to as the turbulence closure assumption. A non-trivial clo-
sure assumption is generally required when considering a grid resolu-
tion such as will be employed here. ILilly (1962) gives a good dis-
cussion of first order turbulence closure assumptions. The simplest

non-trivial closure assumption is called k-theory, where the terms:

(u _g_}?;c )} (W %% ) * in Equation (2.31),
u” 36” i - i

( = )} (W = ) in Equation (2.35),
(u _?_% ), (W % ) in Equation (2.37)

<u'852,') (w'ﬂ') 3(v*'2,’) in Equation (2.38)

Py 2z

which result from an expansion of the respective equations, as above,

are parameirically represented "f:jr th. diffusion terms v V2 z, Kg V2 9,

Kq V2 q and Ky V2 2, respectively. ‘Note that contributions due to
density perturbations, which result in additional two-parameter and
three parameter mean cross-correlation terms are neglected in a manmer
consistent with the previous approximations. In k-theory, the eddy

diffusion coefficients v, Kgs Kq and x, are specified constants. This

2

is the approach adopted here. The reasons for this approach have al-

ready been alluded to in the introduction.




Lilly (1962) describes a more complicated first order closure
scheme where the diffusion coefficients are not constant in space and
time. Thus, they appear inside the spacial derivative operators
similar to u in Equation (2.1). His scheme has some physical basis
but relies on the rather arbitrary choice of some numerical constants
in the determination of the local eddy diffusion coéfficients. Though
such a scheme may be more realistic than the rather simple assumption
employed here, it is unclear whether the improvement is significant.
This is particularly true when considering that in a numerical grid
point model, the eddy diffusion terms have the additional role of
suppressing numerical noise and the occurrence of non-physical solu-
tions and are therefore not as physically significant. Given the un-~
certainty as to the proper choice of coefficients in either scheme,
especially when considering an application to middle or upper tropo-
spheric conditions where observational support for such a choice is
very limited, the simpler scheme was chosen. This scheme reduces>the
computaticnal complexity and cost of the model. Furthermore, it
straightforwardly obeys the relevant conservation principles. Though
it is possible to derive consefflti?; diffusion schemes for more com-
plicated first order turbulence cloéure assumptions, this is generally
not done due to the added complexity.

For similar reasons, second order turbulence closure assumptions
(e.g. Oliver et al., 1978) are also rejected. For this study, the eddy
diffusion coefficients are regarded as "tuneable" model constants. The
role of these terms and the sensitivity of simulations to the choice of

specific numerical values is established in Chapter 4. Comparisons
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are made with other schemes. It should be noted that Asai and Nakamura .
(1978) have taken an approach similar to that adopted here for their
study of convecticn in the atmospheric boundary layer:' Their simula-
tions exhibited a high degree of realism. Thus, it is hoped that the
first order turbulence closure assumption invoked here will not ad-
versely impact the realism of the simulations to a significant degree.
In Chapter 3, the numerical design of the model is presented. For
the reader, who is not concerned with the specific details of the
numerical techniques, a number of sections may be omitted. Sections
(3.9), (3.10) and (3.11) describe the theoretical and observational
basis for the diagnosis of the quantities v*, ¢ and FR’ respectively.
The other sections are largely concerned with specific finite differ-

encing schemes and may be convenlently omitted, if desired.




ITI. DESIGN OF THE NUMERICAL MODEL

In this chapter, the numerical model is described in detail. The
spacial grid and the corresponding notation conventions are given in
“the first sectiqn. In addition, the general spacially discrete form of
the governing equations and the manner of imposing the periodic lateral
boundary conditions in discrete space are presented there. . The verti-
cal boundary conditions are considered in the following sections as
appropriate. In Sections (3.2), (3.3) and (3.4), the specific finite
difference formulations of the terms accounting for advective processes,
which are resolved by the grid, are presented. The terms accounting
for unresolved advective processes, i.e. eddy diffusion processes, are
formulated in Section (3.5). In the next section, the finite differ-
ence form of the energy conversion term, i.e. generation/destruction
of vorticity by buoyancy forées, is given. The time integration
schemes, which are employed in the model, are detailed in Section (3.7).
The method of solving Poisson's equation for the diagnosis of stream-
function from the predicted vorticity field on a discrete grid is de-
seribed in Section (3.8). In.ﬁhe succeeding sections, the parameteri-
zations for the diagnosis of phése changes of water, effective ice
water terminal velocity and radiative'heating rates are developed. The
initialization procedure is given in Section 3.12. The overall com-

putational procedure is also presented there in schematic form.

3.1 General Considerations

In this section, the spacial grid along with the corresponding

notation conventions are presented. Also, the general form of the




governing equations and the periodic boundary conditions in the lateral
direction are presented in a spacially discrete form.

The spacial grid, which is adopted for the model, is the "stagger-
ed" grid. This grid is staggered in that it is actually a superposition
of‘two sub-grids which are offset. This is illustrated in Figure 4.

The streamfunction and vorticity are defined at the grid points labeled
X, hereafter referred to as dynamic grid points. The potential tempera-
ture, water vapor specific humidity and ice water specific humidity are
defined at the grid points labeled O, hereafter referred to as thermo-
dynamic grid points. The spacial separation between dynamic grid points
(or thermodynamic grid points), which are adjacent in either the x or z
directions, is a constant, i.e. d. The thermodynamic grid points are
offset by a distance d/2 in both the x and z directions when compared
to the dynamic grid points.

The "staggered" grid has been commonly used in studies of atmos-
pheric convection, e.g. Lilly (1965), Lipps (1971), and Asai and
Nekamura (1978). A primary advantage in using the "staggered" grid,
when compared to a grid where all’Of the prognostic variableé are de-
fined at the same locations, is -hat -he winds are well defined when
computing the advection of 9, q or QL' This may be seen by comparing
the advective schemes for 7 given in Section 3.2 and ® or q given in
Section 3.3. Another significant advantage is that the vertical bound-
ary conditions on 8, q and 2 are well defined. This is more evident
when the specific advective schemes are presented. Note that the
boundaries are defined to coincide with dynamic grid>points. Thus,
each thermodynamic grid point represents a corresponding grid area d2

as does each interior dynamic grid point. The bounding dynamic grid
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Figure 4. The grid configuration adopted for this study. The quanti-
ties Y and ¢ are defined at the points labeled x and the
quantities 8, g and 2 are defined at the points labeled O.
The grid interval is d and the coordinate orientation and

grid point indexing are as indicated.

3

37




points each represent a corresponding grid area d2/2 (see Figure 5b),
except at the corners where the grid area is d2/4.

In this paper, the notation convention is to use whole integers
to index the column and level of dynamic grid points, i.e. i and k,

respectively; as depicted in Figure 4. Furthermore,

o]
nm
o

i=1
and (3.1.1)

=1 hp

where hB is the height of the lower boundary. Thus, the (x,z) coordi-

nates of a dynamic grid point (i,k) are given by:

"
n

(i-1) 4 for i

1
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W\
-
.
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and
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I

hB + (k-1) d for k

i}

]
M
D
-

T

[
.

K (3.1.2)

where I and K are defined as the total number of dynamic grid points
in the x and z directions, respéctivaly.

The thermodynamic grid points are indexed as whole integers plus

%. Thus,
Xe, = (1 -%)a for i =1, 2, , I-2, I-1
:|_+/2 .
and
By, = byt (k-%)dfork=1,2, ..., K2, k-1 (3.1.3)




are the (x,2z) coordinates of a thermodynamic grid point (i+hs, k+k).
Note that there is one less thermodynamic grid level and grid colum

when compared to the dynamic grid. The specification of d, h,, I and

B
K totally determines the location of all grid points and the extent of
the domain.

Observations indicate that major convective cells in cirriform
clouds are organized on a horizontal space scale of v 1 km, e.g.
Heymsfield (1975b) and Plank, et al. (1955), among others. Approximate-
ly 6 to 8 grid points are required to adequately resolve a wave
(Phillips, 1956). Thus, for the simulations reported here, the grid
interval is usually specified as d = 100 m, which should be adequate.
For a model, which is similar to that reported here, Asai and Nakamura
(1978) found that d = 100 m adequately resolved convection in the atmos-
pheric boundary layer. Recall that the importance of the sub-grid secale
transports represented by the eddy diffusion terms in the governing
equations decreases as the grid interval is decreased and the turbulent
fields are better resolved. Thus, the impact of the rather simple first

order turbulence closure scheme Invoked here may be reduced by decreas-

ing d. Tests, where d = 50 m, =»e rc:orted here. The domain is gener-

ally specified as K = 64 and I = 128, i.e. (zK - Zl) = 3.1 km and (XI -

xl) = 12.7 km for 4 = 100 m. This should allow the convective cells to
choose their own scale (Asai and Nakamura, 1978). However, for the pre-
liminary test phase of the model development, I = 64 is specified in
many cases for primarily economic reasons.

It is convenient to discuss the periodic lateral boundary condi-

tions at this point. They will not be explicitly considered in any of

the succeeding sections. The lateral boundaries correspond to the




dynamic grid points (1,k) and (I,k) for k =1, 2, ..., K-1, K. As
noted above, these grid points represent grid areas d2/2. However, the

periodic boundary conditions require:

Sl,k = SI,k (3.1.4)

for S=¢Yorgandk=1, 2, ..., K-1, K. Thus, the two bounding grid
points at a given level are effectively the same point and represent
the combined corresponding grid area d2 (except, of course, at the
upper and lower boundaries where the combined grid area is d2/2).
Computationally, when a parameter S, ., ., or S, .  oceurs in a

i+j,k i-j,

specific formulation and

if i+j > I, then:

i+j=1i-(I-1)+
or if i-j < 1, then:
i j=i+(1-1) - (3.1.5)

for j =1, 2, ... in the case of S = § or C forj =%, %, ... in the
case of S =8, q or%. Thus, 03 Xk and GI L represent the perturba-
2y -2
tion potential temperature of two horizontally adjacent thermodynamic
grid areas.
The spacially discrete form of the governing equations may be

written in flux form using Equation (2.4) as:




B L I
3t D i,k ™’ 37z i,k 9x i,k
(3.1.6)
2
+ v vi,k z .
o[w (8 +0 )]
Piwskes | Ty (840, p) - ° °
ot T phe 9z i+, k+k
r ik, V2 0 + ma— |(1C) + QR (3.1.7)
8 i+, k+s cCm i+, k+k i+, k+ls -
p Ok+1/2
aqi+%,k+% - J (q + ) - EEWo(q ¥ qo):|
3t T i+, 4T A 9z i+, ke
+ 72 c (3.1.8)
Ka ¥ ivdg ke 37 Ciag ke oL
32
i+, ktls 9 )[-3y ' 9 )y *
ot TTx 3z |* itk "5z \ox T o TP )2 i+, k+ls
+x, V2 g+
% 7 i+, ks 1415, k+ls (3.1.9)
and
z = V2 g (3.1.10)
i,k i,k ? - ‘

The index subscripts indicate operators in discrete space as described

in the succeeding sections. Note that the discrete form of the




Jacobian operator for evaluation at dynamic grid points is different .
than that for thermodynamic grid points. The prognostic equations must

be integrated in time as described in Section 3.7. For this integra-

tion, the right hand side of Equation (3.1.6) must be efaluated for

i=1,2, ..., I-1, Tandk =1, 2, ..., K-1, K. Note that the compu-

tations at i = 1 and i = I are redundant. The diagnostic equation,

i.e. Equation (3.1.10) must be solved at these same grid points. For

the integration of the remaining prognostic equations, the right hand

sides of Equations (3.1.7), (3.1.8) and (3.1.9) must be evaluated for

i=1,2, vov, -2, I-1 and k = 1, 2, ..., K-2, K-1.

3.2 Vorticity Advection

The advection of vorticity by the perturbation component of the

velocity field is evaluated at the dynamic grid points by means of the

flux form of the nine-point finite difference approximation reported by
Arakawa (1966). This formulation is a linear combination of three
basic second order schemes and, thus, has second order accuracy.
Furthermore, it has the desirablg properties of conservation of vorti-
eity, squared vorticity and kihetic energy, which is not true of the
more basic schemes from which i{ was derived (Arakawa, 1966). Thus,
this approximation is computationally stable in these regards.

Recall that in this model, advection of vorticity by the mean flow
component of the velocity field is limited to advection by a basic
state vertical velocity, i.e. LA which is everywhere an externally
specified constant. This term is evaluated iﬂ a manner which main-

tains the desirable properties of the advective scheme noted above.




. The advection of vorticity at a dynamic grid point (i,k) by the

total velocity field is computed as:

DJi,k (C:d’) - a_z'

Where

D1

pFo(i,k)

DFB(i’k)

DF4(i,k)

. DF5(i,k)

1

m

B(WOC)

i,k

-1 . . . .
I;EZ-{DFl(l,k) - DFZ(l,k) + DF3(1,k) - DF4(1,k)

+ DF5(i,k) - DF6(i,k) + DF7(i,k) - DF8(i,k)§ (3.2.1)
(V3 %1 * V541,501 = Va0 - Vi41 ke1)

(Ci+l,k + Ci,k)} (3'2'2)
(s 1,01 * V401 = Vi1, ke~ Vi ko1

(T3, * Tyo1,x) (3.2.3)

(4?0 ik +.?i+lfk+1 " Vi,x " Vio1,x01)
(25 a1 * T35 ,%) (3.2.4)
(¥ * Va1~ Yaen,e ~ Yiog,01 ~ Yio1,x)

(T % * 83 k1) (3.2.5)

(Yo * bian e = Vi) (Bpag pean * 51,000 (3.2.6)
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DFelirk) = (Yo oty o g =¥ 00 (B * T5q 1) (3.2.7)
DAL ) = (¥ 0y g = g s (Big e+ 8 (3.2.8)
prgl T k) = (¥ i g P en) (B * Bhaa 1) (3.2.9)

and
Y= wd. (3.2.10)

Note that if ¥ = 0, then Equation (3.2.1) reduces exactly to that
given by Arakawa (1966).

Each DFj(i’k) essentially represents the flux of vorticity between
the grid point (i,k) and one of the surrounding eight grid points,
directed as in Figure 5a. In this sense, Equation (3.2.1) represents a
weighted average of flux convergences computed at various orientations.
The basic state component is a weighted mean of the vertical flux con-
vergence at the grid point (i,k) and the two horizontally adjacent grid
points (i+l,k) and (i-1,k). The vorticity exchanges between points are

mutually conservative, i.e.

oFy(1,k) = Fo(i+1,k)
DFZ(i,k) = DFl(i—l,k)
DFB(i,k) = DF4(i,k+l)
DF4(i,k) = .DFB(i,k—l)

DFs(i,k) = [F(i+1,k+1)

s

1
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Figure 5. Orientation of the flux comnonents account-
ing for the mutual interactions between
grid points when evaluating the advective
term in the governing dynamic equation (a)
at a general interior dynamic grid point
(i,x), (b) at a bounding dynamic grid
point (i,1). See text for definitions and
discussion.
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DF6(i,k) = DF5(i—l,k-l)
DF7(i,k) = DF8(1-1,k+1)

DF8(i,k) = DF7(i+l,k-l). (3.2.11)

This leads to the computational advantage of employing the flux form in
that only four of the flux terms need be evaluated at each grid point,
e.g. DFl(i’k)’ DF3(i’k)’ DF5(i,k), DF7(i,k).

The grid points on the horizontal boundaries, i.e. (i,1) and (i,K),
represent rectangular grid areas of vertical depth d/2 as in Figure 5b
for the grid point (i,1). Following from Arakawa (1966), the above

scheme is modified when evaluated at the bounding grid points as:

B(WO,)
i1 (G - o5 i1 T

———é-{DFl(i)l - DFz(i)l + DFB(i,l) + DF5(i,1) + DF7(i,l)} (3.2.12)

= {DFl(i)K - pFali)yg - F (1K) - F(4,K) - DF8(i,K)} (3.2.13)

where
(B = Oy g * 5 0 = ¥ 0 = V5 ,0) (Bgagp * 55 000 (3:2.14)
pralthy = (yqq * Vi1 - ¥ia,0 -9 0) (550 * 55 0) (3.2.15)




(3.2.16)

Pl = (05 pq *¥ian k1 - Yk~ ¥iaa,x) (Gaanx * 8 x)
and
(3.2.17)
pPallle = Oy g wg * ¥y kg~ V5 k- Vs r) (Bp g Y igg)
Note that:
pFili) = pFu(is),
and DFZ(i)k = DFl(i—l)k (3.2.18)

for ¥ = 1 or K.

These expressions account for the altered areaAand geometry of the
boundary grid areas and preserve the desirable conservation properties
noted previously. Note that the purely horizontal flux terms have been
modified, i.e. compare Equations (3.2.2) and (3.2.3) to Equations
(3.2.14)-(3.2.17). Otherwise the flux terms accounting for exchanges
with interior points remain thé‘same and the terms representing inter-
actions with points outside theuﬁomain have been omitted in Equations
(3.2.12) and (3.2.13) when compared to Equation (3.2.1). In effect, the
vertical boundary conditions on ¢ are already incorporated into Equa-
tions (3.2.12) and (3.2.13). The following interpretation of the above
formulations clarifies this point.

Due to the nature of the grid employed here and the desire for a
conservative advective scheme, the values of Ci,l and Ci,K must be re-

garded as representing the mean vorticity of the corresponding half-grid




areas and not CB or CT’ respectively. Thus, Ei,l and Ei,K may be
viewed as corresponding to the grid points (i,%) and (i,K-%), as shown
in Figure 5b. Arakawa (1966) gives a modified version of his scheme
which accounts for variable grid geometry at interior points. Direct
application of this scheme to the geometry of the bounding grid areas
and comparison to Equations (3.2.12) and (3.2.13) yields the following
conclusions.  The geometric difference between (i,1) and (i,%) and
(i,K) and (i,K-%) have been ignored in computing the mutual interaction
of boundary layer grid points and internal grid points in order that
the conservation principles are maintained. The purely horizontal
advection terms are approximate but consistent with the desired con-
servation properties and the above approximation (Arakawa, 1966).
Noting that interpolations are unnecessary for determining ¢ on the
boundaries, the terms omitted may be effectively viewed as correspond-
ihg to the imposition of the boundary conditions, Cp = T = 0. This
interpretation also holds for the components due to the basic state
vertical velocity. Thus, no additional modification of the above
formulations is required in order that the vertical boundary conditions
on perturbation vorticity be obrred.

The perturbation st:ggmfunctioﬁ may be regarded as representative
at discrete points and not necessarily representative of the mean value
of the corresponding grid areas. In this sense, the vertical boundary

conditions on Y may be applied straightforwardly as:

]
o

“’i,l
' (3.2.19)
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fori=1, 2, ..., I-1, I.




Thus, these terms may be eliminated from Equations (3.2.12) and
(3.2.13) though it is only computationally convenient to do so for the

Fl(i)l’ D 2(1) Fl(i)K and DFZ(i)K terms, e.g.

Frlidy = oy o =0y ) (B4 0 85 9) (3.2.20)

and

e = (g g * Vi 00) Gaag g * 8 0) - (32,20

The computational procedure is given by the following steps:

a) Compute DFl(i)l and DFl(i)K fori=1,2, ..., I-1, I
as given by Equations (3.2.20) and (3.2.21) respectively.

b) Compute DFl(i,k) fori=1, 2, ..., I-1, I and k = 2,

3, «.., K-2, K-1 as given by Equation (3.2.2).

c) Compute DFB(i,k), DFﬁ(i,k), DF7(i,k) fori=1, 2, ...,
I-1, Tand k =1, 2, ..., K-2, K-1 as given by Equations
(3.2.4), (3.2.6) and (3.2.8), respectively.

d) Utilizing the identities given in Equations (3.2.11) and

3(w )
T 3z i,k
.oy I-1, I and k = l, =2, 3 ..., K-2, K-1; and k =

(3 2. 18), compute 71 1,(C v) for i =1, 2,

'

from Equations (3.2.12), (3.2.1) and (3.2.13), respectively.

3.3 Advection of Potential Temperature and Water Vapor

For the purposes‘here, let the dummy variable S represent either
the potential temperature or water vapor specific humidity such that S
denotes either 6 or q and S + So denotes either 6 + 60 or q + -

The advection of S + So by the perturbation component of the

velocity field is evaluated at thermodynamic grid points by means of




the flux form of the finite difference approximation reported by Lilly
(1965). This scheme is of second order accuracy and was designed for
application to a Staggered gfid as here. It incorporates values at
five thermodynamic grid points and at four dynamic grid points. This
formulation conserves (S + So)and(S + 80)2 and, thus, is computation-
ally stable in these regards. As in the previous section, the advec-
tion of (S + So) by the basic state vertical velocity may be evaluated
in a manner consistent with the above scheme. The desirable conserva-
tion properties of the scheme are maintained in the modified formula-
tion.

The advection of (S + So) by the total velocity field is computed

at a thermodynamic grid point (i+},k+%) as:

3w, (8 + 5)]

171435,k (8 * S V)

oz i+33, ks
;J:. TFl(i+l/2}k+l/2) - TFZ(i+I/Z}k+I/2)
2
4
. qFglivskel) - TF_,./i+*/2,k+l/z)} (3.3.1)
where
TF1(1+1/211{+]/2) =




TF2( i+, k+k)

(s 1 + S, )
) =} k45 +l k+ls
(wik_wi k+l) I: 1-73, 22 1+, 3 +So ], (3.33)
b 9 "
TFB(i+1/2’k+l’2) =
| - (s +S )
(¥, +v -, ) IFSi+%’k+% i Si*%,k+%) + O+l Ok+é
o i+l,k+l i’k+l 2 5
(3.3.4)
and
TF4(i+1/2,k+1/2) =
(s +S )
(¥, + - )(Sﬂ%¢”ﬁ+%ﬁ@mﬁ)+ ks Oxh
o i+1,k i,k 5 .
(3.3.5)

Each TFj(i+%,k+%) essentially repfesents the flux of (S + So) be-
tween the thermodynamic grid point (i+%,k+%) and one of the surrounding
four thermodynamic grid points. directed as in Figure 6. The computa-
tional advantage of the flux fch: of :he advective scheme may be seen

in that only two fluxes, e.g. TFl(i+%,k+%) and (i+%,K+%), need be

TF3
computed at each thermodynamic grid point since:

pF(i4sk+) = LF(1+3,k+)
TFé(i+%,k+%) = P (i-3,k4)
pFa(itskes) = oF,(143,%+5)
TP (345 k+s) = F(145k-%) . - (3.3.6)
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Figure 6. Orientation of the flux com-

ponents accounting for the
mutual interactions between
grid points when evaluating the
advective term in the governing
equations for 6, q and £ at a
general thermodynamic grid
point (i+!5,k+s). See text for
definitions and discussion.




Due to the geometry of the grid (see Figure 4), the vertical bound-
ary conditions on S and So may be applied directly at discrete points

along the dynamic grid levels k = 1 and k = K. These points do not

correspond to any thermodynamic grid areas and, thus, Si+b Kk and SO
2)

k
for k = 1 or K represent discrete point values and not area means.
Thus, the boundary conditions on S correspond to:

Siugx = O (3.3.7)

for kX = 1 or K.

The formulas for the vertical flux components employ a linear in-
terpolation between vertically adjacent thermodynamic grid points £o
determine midpbint'values. Since S and So are specified on the bound-
aries, the interpolation for S and SO at these levels is unnecessary.

Thus, the cross boundary fluxes are determined as:

A S O T CEDAC TR A (3.3.8)
and "

Fa(1¥nK) = (Y g -y ) (Sp g * SoK) - (3.3.9)

Together with Equation (3.3.7), the vertical'boundary condition on Y,

i.e. Equation (3.2.19), allows:

| 7, (i953) = ¥ sol (3.3.10)
and
TFB(i+%,K-%) = ¥ 5. (3.3.11)

Ok




Recall that WO is an externally specified parameter. Similarly, S
1

and SOK are externally specified parameters. Thus, the cross-boundary
fluxes may be regarded as adjustable model constants and do not depend
on processes acting within the layer.

Note that the formulations for the horizontal flux terms in the
bounding layers might be simplified to reflect the boundary conditions
on Y. Computationally, this is not convenient.

The computational procedure is given by the following steps.

a) Compute TFl(i+%,k+%) fori=1,2, ..., I-2, I-1 and k = 1,

2, ..., K2, K-1 from Equation (3.3.2).
b) Compute TFA(i+%,%) and (Fo(ivig,K-%) for i = 1, 2, ..., I-2,
I-1 from Equations (3.3.10) and (3.3.11), respectively.

(Note that this step is performed only once at the initial

time step.)
c) Compute TF3(i+%,k+%) fori =1, 2, ..., I-2, I-1 and k = 2,
3, ..., K-3, K-2 from Equation (3.3.4).

d) Utilizing the identities given in Equation (3.3.6), compute

SRLACEER)
J. (S+5, P) - from Equation
T i+, kv of T %z i+, k+ls

(3.3.1) fori =1, 2, ..., I-2, I-l and k = 1, 2, ..., K-2,

K-1.

3.4 Ice Water Advection

The advection of ice water specific humidity is evaluated at
thermodynamic grid points by means of an "upstream" flux form finite
difference approximation, which is appropriate to a staggered grid.
This scheme is similar to that described in the last section for 6 and

q, except that the value of & specified on the grid area boundary




between two adjacent thermodynamic grid points is not interpolated from
the values of £ at those grid points. Instead, the midpoint value of
2 is directly specified as equal to the value of £ at the upstream grid
point. The direction of the appropriate component of the total wind at
the midpoint between the two grid points determines which is the up-
stream grid point, i.e. the wind is directed from the upstream grid
point to the downstream grid point. Effectively, ice water has been
assumed to be uniformly distributed within each thermodynamic grid area.

As before, the contributions due to both the perturbation velocity
field and the basic state vertical velocity are incorporated into the
scheme. In addition, the relative, vertical fall velocity of ice water
particles is taken into account. The upstream advective scheme is con-
servative with respect to £ and 22 and is computationally stable in
these regards. Subject to the appropriateness of the aforementioned
assumption, this formulation also has second order accuracy.

The primary advantage in using the upstream scheme for computing
the advection of 2, when éompared to the scheme described for © or q,
is that it eliminates the occurrence of the £ < O computation mode in
the solution. This mode arises'jn %..2 previous scheme due to trunca-
tion errors. These truncationlerroré'may be viewed as a result of the
incompatibility of using interpolation and requiring that the grid
point value of % is fepresentative of the mean value of the correspond-
ing grid area. For example, in the case of water vapor specific humid-
ity, the effect of truncation errors on q will be relatively small com-
pared to g + Qs since in general, q, >> q. Thus, the non-physical
mde (q + qo) < 0 is unlikely to occur. Diffusive damping may be

applied to q to effectively suppress what may be viewed as numerical

Y




noise generated by truncation errors (Chapter 4). However, since L, = ‘
0, the occurrence of £ < 0 due to truncation error corresponds to a
non-physical mode in the solution in that negative ice water dces not
exist. In the presence of the diabatic processes, the initial ampli-
tude of the £ < O computational mode may be relatively large. Reason-
able diffusive damping can reduce the amplitude but will not eliminate
this mode from the domain. The occurrence of the & < O mode presents
a substantial problem in that if total water is to be conserved, these
values may not be simply ignored. However, such values would have a
substantial adverse impact on the evaluation of the buoyant generation
of vorticity. The use of the "upstream" formulation eliminates these
problems and this advantage is felt to far outweigh the disadvantages

noted below.

The primary disadvantage of using the upstream flux scheme, when
compared to the previous scheme, is that it is more complex and sub-
stantially less efficient computatiocnally. Furthermore, the assumed
spacial distribution of 2 is likely to be a much poorer representation
of the continuous case when compared to the linear variation over dis-
tances of O(d) assumed for the T evi.:s scheme. It is for this last
reason, that the upstream flux scheme is not used for 8 or q, since
it would not be any more inefficient computationally than the previous
scheme once the wind directions are determined.

The advection of_l by the total velocity field, where the rela-
tive vertical velocity of suspended ice water particles is taken into

account, is evaluated at a thermodynamic grid point (i+%,k+4) as:




-5.{ [Fy(3¥9,dc4ls) = [P (4435, k)

+ Fylivg i) - 7 (i4520) |

L ¥,

where the horizontal flux terms are determined as follows:

If <wi+l,k - wi+l,k+l) > 0, then:
1+l 1. = -
P30 = (g =g ) 2y o
otherwise:

(i+1/2) k+1/2) =

i1 (3010 = Vi, 0001 B, i, -

It Wy -V 20 then:

14, k) = -y,
1Fp(i¥s k) by Vi1 i i
otherwise:
i +1 1 = -
1Pl 145 k+%s) Wk = ¥1,0001) TR

(3.4.1)

(3.4.2)

(3.4.3)

The evaluation of the vertical flux components is further complicated

*
by the presence of the effective relative fall velocity term v .

is convenient to let:

It




(1+5,k) + (Fy (1+5,k+)

(1+5,k+;)

L 3 L 3+

and

L 4(1+ Jk+l) = L 4+(1+/2,k+/2) + F4_(i+%,k+%) (3.4.4)

where the plus and minus subscripts denote the potential components of
the flux across a grid area boundary due to the interaction of the per-
turbation and basic state vertical velocities with the relative fall
velocity of suspended particles in the region just above (+) and just
below (-) the boundary. Thus, it is possible for two vertically adja-
cent grid areas to actually exchange some ice water, i.e. some falls
from the upper to the lower grid area and some is advected from the

lower to the upper grid area. These components are determined as

follows:

*
3) < 0, then:

If (¥ " V50 a1 ~ Vi T Y 14k, K+

sl al) = -

pFau (i kes) = (Y Vi ka1~ Vaaen T Y panked) % 45 ey
otherwise:

L 3+(1+/2)k+/2) E 0' b (3.405)

*
I8 (Y * Vi g1~ ¥a,000 T Y g pe) > O them:
* )

rFa (1P k) = (Yo * 050 pan = Vs a1 * ¥ gaagaon) Sy eny

othefwise:

F, (i45k+) = 0. (3.4.6)

i~




*

+ - .
It (Y Ve = Vs + ¥ gaspe0) € 0, them:
(14, k) = - *
pFg e 3¥BR0) = (¥ + sy =05 Y ) R e
otherwise:
F(i¥sks) = 0. (3.4.7)
Ir (Y + vyt ) > 0 :
o lpi'*'l,k - wi,k i+1/2, k—l’z 2 then-

s 41z 4 9% = -
(3 dvs) = (Yo + 0y 0y =y e Y ) S
otherwise:
pF, (i¥sk+s) = 0. (3.4.8)
* *
Now v, = v, d AN
ow, j,m j,m (3.4.9)

where J and m are dummy thermodypamic grid indices in the x and z
directions, respectively and U;;m is ﬁhe effective relative fall
velocity of the suspended ice wéger particles in a thermodynamic grid
area (j,m) and is determined parametrically as developed in Section
3.10. Note that T?}m is always less than or equal to zero.

Due to the presence of conditional terms, the evaluation of the

advection of £ is not efficient computationally. However, this is

mitigated somewhat by the identities:

-




(i+ks,k+5) = (i+%,k+y3)

L 1 L 2
(i+hs,k+k) = (1-%5,k+%s)
L 2 L 1
LFB(i+%,k+%) = 4(1+6;k+6)
F(i#sk+s) = [ F (i+),k-%) (3.4.10)
and
[Fa{iviakes) = o 4+(1+/z,k+/z)
iF 3 (i+s,k+s) = F 4- (i+k,k+%)
F e (ivs k) = Fo (4+,k-%)
L 4 (i+s,k+s) = L 3 (i+5,k-%) . (3.4.11)

Thus, only two fluxes need be computed at each grid point, e.g.
F (i+5,k+5) and LF3(1+%,k+%).

The boundary conditions on £ are imposed in discrete space in
roughly the same manner as described for é and q in the last section.

Strict enforcement of the boundary conditions require:

i+%,1
£i+%,K = 0 . (3.4.12)

In this sense, the assumption of uniform distribution of £ within grid
areas has been relaxed in the neighborhood of the upper and lower

boundaries. Consequently, the upstream approach is not employed for




computing the vertical fluxes at the k = 1 or k = K levels. Rather,

the cross boundary fluxes may be directly specified as:

LF4(1+1/2,%) = 0 (3.4.13a)
and LF3(1+%,K-%) =0 (3.4.130)

However, the above conditions may lead to a build up of £ in the
lower bounding layer. It is physically realistic to allow precipitation
to exit the domain at the lower boundary by virtue of its relative fall
velocity. This may be accomplished by effectively relaxing the lower

boundary condition on £. In the interests of clarity, let:
[F (i45,%) = P(i+h) = [F, (i+5,%) (3.4.14)

where P(i+%) is the ﬁrecipitation rate at (i+%5,1). In this sense, an
additional term has been added to the governing equation for the lowest
bounding layer, which accounts for precipitation falling out of that
layer. Note that the total wafef may not be conserved within the
domain by virtue of this term.

Recalling Equation (3.2.19), the‘cross boundary flux at the lower

boundary is determined as follows.

Ir (v +v . . ) 0, th
Wo vy 4,3 < R en
P(i+y) = (v _+ g ) 2
s o " idgy vy 0 f
otherwise
P(i+}) = 0O . ) (3.4.15)
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No advection of ice water into the domain is allowed at either boundary .

and no advection of ice water out of the domain is allowed at the upper

boundary.

The computational procedure is given by the following steps.
a) Diagnose Wi+%,k+% fori=1, 2, ..., I-2, I-1 and k = 1,
2, ..., K-2, K-1 as in Section 3.10.

b) Compute P(i+%) for i =1, 2, ..., I-2, I-1 from Equation
(3.4.15).

c) Compute LF3+(i+‘/2,k+1/2) and LFB—(i+l/2’k+l/2) from Equations
(3.4.5) and (3.4.6), respectively, for i =1, 2, ..., I-2,
I-landk =1, 2, ..., K-3, K-2.

d)Cmmﬁef¥i%méﬂfmmﬂmﬁkm(142)mri=l,&

eey I-2, I-1 and k =1, 2, ..., K-2, K-1.

3) Noting Equation (3.4.13b) and utilizing the identities

given in Equations (3.4.14), (3.4.4), (3.4.10) and (3.4.11),
compute the net advective convergence of £ at the grid
point (i+}%,k+%) by means of Equation (3.4.1) for i = 1, 2,

ee, I-2, I-1 and k =15 2, ..., K-2, K-1.

3.5 Sub-grid Scale Diffusi:n

In each of the discrete, prognostic, governing equations a diffu-

sion term appears in the form of a constant times the Laplacian opera-
tor applied to the relevant field. These diffusion terms serve two
purposes. They account for the physical effects of turbulent transport
processes'occurring at space scales not resolved by the grid. They,

also, serve a purely computational role in suppressing numerical noise

and unwanted non-physical computational modes in the solution. In this .




sense, the model constants v, Ke, Kq and Kz are "tuneable". The manner
of choosing the appropriate values for these eddy diffusion coeffi-
cients will be considered in Chapter 4. . The formulation of the dis-
crete form of the Laplacian operator, i.e. V2, is considered
here,

The finite difference approximation to the Laplacian operator,

which is used in this model, is:

vj,np - é%' {Sj+1,m * Sj—l,m * Sj,m+1 ¥ Sj,mrl - 4'Sj,m} (3.5.1)
where S is any one of the prognostic variables, (i.e. Z, 6, g, or L)
and j and m are dummy grid indices in the x and z directions, respec-
tively. Thus, if S =Z; j =1 and m = k and Equation (3.5.1) is appli-
cable for i =1, 2, ..., I-1, Tandk = 3, 4, ..., K-3, K-2. If S =
6, qor &; j = i+5 and m = k+; and Equation (3.5.1) is applicable for
i=1,2, ..., I-2, I-1 and k = 2, 3, ..., K-3, K-2. This formulation
is fairly standard.

The boundary conditions are enforced numerically by simply allow-
ing no exchange of S between in;;ric: zrid points and the boundaries,

i.e. for the first row of interior grid points:

2 o _ 1 {. i }
R S5ua,m * Si-Lm * Cwpma T w1 T 3 Sy,n g (3:5:2)
where
o, M = m
(SMa,m; =
S, , MW + mw,
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"

%_for S =06, qor .

Thus, Equation (3.5.2) is applied at the k = 2 and k = K-1 levels for
S=¢gandi=1, 2, ..., I-1, I and at the k = 1 and k = K-1 levels
for S =6, qor % andi =1, 2, ..., I-2, I-1 where i and k are re-
lated to j and m as noted above.

Effectively, Equation (3.5.2) incorporates the fact that the
vertical derivative of S is known on the boundary and, thus, no finite
difference computation of 35/9z is necessary at those points. It
should be noted that when applied to g, Equation (3.5.2) explicitly
assumes no stress at the interface of a bounding half layer and the

adjacent interior layer. This was found to be computationally con-

venient. Since the diffusion terms have the additional role of

suppressing numerical noise in the model, a horizontal diffusion term

was added for the bounding layers as:

N LN
Vi T (Gaa e et 250 (3.5.3)

for k¥ = 1 or K. EQuations (3.5.1), (3.5.2) and (3.5.3) are conserva-

tive in S.

3.6 Vorticity Generation/Destruction by Buoyancy Forces

The buoyancy parémeter B may be evaluated at a thermodynamic grid

point as:

(3.6.1)




where J and m are dummy grid indices in the x and z directions, re-
spectively. The finite difference approximation to the buoyant genera-
tion of vorticity term evaluated at the dynamic grid point (i,k) is

given by:

9B g
5% |1,x = & I (Brapea = Bioy en)

(1 - ££) (B.

1 1
i+35,k-%

+

- Bi 1 _2)] (3-6-2)

where ff" is a time dependent weighting factor, n indicates the time

step, and

et o= o1 - el (3.6.3)
The initial value of the "flip-flop" weighting factor, i.e. ffo,
is an externally specified model constant. A value of ffo = k% gives
the generation of vorticity at the k level as the linear average of
the generation at the k+% and k;% levels and is the most physically
realistic value. However, this‘ﬂay ~2ad to the indefinite maintenance
of "checkerboard" ﬁoise patterns in é; which may occur, Schubert (1980,
personal communication). For the simulations reported here, ffo =¥ is
specified and, fhus, £t = 2 at all odd time steps and £l = ¥ at all
even time steps. In this way, "checkerboard" noise patterns are in-

hibited from perpetrating themselves. The effects of choosing

a specific value of £f° are considered in Section 4.1.




Recalling the discrete form of the boundary conditions for 6, q ‘
and % as developed in the last two sections, strict enforcement of the

boundary conditions requires that:

Biu,1 = O
and Biux = O- (3.6.4)

Noting the interpretation of ¢; 1 and g, . is given in Section (3.2),
2 b

the proper formulation of the generation term for the bounding layers

is:
dB _ g
€3 li,1 T 4 {ffn(B + 8 Bl-‘/z,%) } (3.6.5)
oB _ g { }
and €yl = @ V-0 (B g = By )

The computational procedure is given by the following steps.

a) Compute 13i+1/2’k+1/2 fori=1, 2, ..., I-2, I-1 and k = 1, 2,
..., K-2, K-1 from Equation (3.6.1).
b) Evéluate g B for i =1, 2 I-1 I and k = 1;
ax i,k b 2 e ) ) 2

k=2, 3 ..., K-2, K-1; and k = K from Equations (3.6.5),

(3.6.2) and (3.6.6), respectively.




3.7 Time Integration

Two distinct time integration schemes are utilized in this model.
Following the general description of both schemes, the specific time
integration procedure, which is employed, is presented. The rationale

for this procedure is also addressed.

The governing prognostic equations are each of the form of a first

order differential equation in time, i.e.

3S *

st = f (s, Tys Ty oeees rm) (3.7.1)
*

where S is the dependent variable and f 1is a known function of S and

m independent variables Ti5 Tos eeey T A method of numerically in-

tegrating equafions of this form in discrete time is desired. Let:

n+l n

t = At +-t" = nat o+ t°

(3.7.2)
forn=1, 2, 3, ....

where n is the time step index and At is the integration time step in-
terval and is an externally specified model constant. The problem is
an initial value problem in that a prediction of S at some discrete
time tn+l is desired where S, s r2, ceey rm and, thus, f* are known
at the previous time £,

n-1

If S is also regarded as known, a convenient finite differehce

approximation to Equation (3.7.1) is:

35 .ol _ gl *n

5% In 2 At = f




which may be manipulated to:

* -
S oo oA £ 4 g (3.7.3)

This is the "leap frog" scheme, which is commonly used in meteorologi-
cal and hydrodynamic models. Note that the time derivative has been
approximated in a centered fashion over two time steps. This scheme

1 n-1

allows the prediction of s™* from the known values of S and f*n,

i.e. Sn, rn, rn, eeey ™. The leap frog scheme is of better than first
1 m
order accuracy.

A second time integration scheme results from the finite differ-

ence approximation:

1}
n
r—b

which may be manipulated to:

Y o RN (3.7.4)

This is the Euler forward scheme where the time derivative is approxi-
mated over one time step interval. Essentially, the tendency at time

step n is used to extrapolate from time step n to time step n+l. It

1

¥
allows the prediction of s*™ from the known values of 8" and f n, i.e.

Sn, r?, rg, cees rg. This scheme is of first order accuracy.
Centered time differencing schemes, such as the leap frog scheme,

may show time splitting in the solution. This arises due to the




' presence of terms within f*, which may be highly non-linear in time,
e.g. advection terms. Lilly (1965) notes that this may lead to a

weak numerical instability where the solution at odd time steps and the
solution at even time steps may vary smoothly when viewed separately
but may diverge from each other. This oscillation of the solution at
high frequency, i.e. N2 At, corresponds to a non-physical computational
mode. It is desirable to damp this mode.

A number of methods have been developed to eliminate the time
splitting computational mode in the leap frog scheme. Here, a time
filter is employed at all steps as in Asselin (1972). Computationally,
this routine is fast though it does increase the storage requirements
for time dependent variables. Asselin (1972) found this filter to be
an excellent damper for the computational time splitting mode arising
in the leap frog time integration scheme. The time filter is applied

as:

S R N LR (3.7.5)

where the over bar denotes a filtered quantity and n is an externally
specified filter parameter limited to positive values less than 1. The

leap frog scheme is correspondingly modified as:

st o oear) £ 4 g (3.7.6)

where the value of SO employed in evaluating f*n is not filtered in

‘ time except that it is based on an integration from a previously




filtered value, i.e. Sn—2. For this study, n = 0.25 is specified,

see (Section 4.1). This value adequately damps the computational
mode in test simulations and minimizes phase errors due to the filter
(Asselin, 1972).

Another modification which must be made in order to insure compu-
tational stability, is to evaluate the diffusion term in f* at the "lag"

time step, (Phillips, 1956). lLet:
R N (3.7.7)

where Kq is the appropriate eddy diffusion (viscosity) coefficient and
£ corresponds to the appropriate advective and diabatic (buoyant
generation) terms evaluated at £, The lag step procedure is incor-
porated into the filtered leap frog (Equation 3.7.6) and Euler forward

(Equation 3.7.4) schemes as:

gntl 2 0t (£ + g v g1y gl (3.7.8)

and

At (£7 + kg v sy . gt (3.7.9)

n+l

respectively. ‘

In general, the filtered leap frog time integration scheme (Equa-
tion 3.7.8) is utilized in this model. Its computational stability
and accuracy are superior to the Euler forward scheme as formulated
here. However, in certain instances the leap frog scheme will yield
unrealistic results. .In these cases, the Euler forward scheme is
used. These cases will be detailed later in this section.

The time step interval At must satisfy the Courant-Friedricks-Lewy

condition for computational stability of a two dimensional flow, i.e. ‘ '

Fle




\ At

max ——
1 a
—_— 2 (3.7.10)
V2
CmaxA—t
d

whichever is greater, where Vmax is the maximum wind speed and Cmax is
the maximum wave speed within the domain, e.g. Phillips, (1956) and
Haltiner (1971).

rFor cirriform clouds, observations indicate that Ynax £0.8nm s-l
even in highly unstable convective conditions (Heymsfield, 1975b).
However, the contribution of the relative terminal velocity of ice
particles to an effective velocity must also be considered. In Section
(3.10), the parameterization of the effective relative terminal velo-
city of ice water v* is presented. The maximum value of v* is the
relevant parameter for the consideration here and is v 1.6 m s—l.
Thus, At = 30s will satisfy the above computational stability require-
ment in the case of d = 100 m for the most extreme conditions anti-~
cipated, i.e. a maximum relative effective terminal velocity super-
imposed on a maximum expected downdraft air velocity. Note that when
d =50 m At = 155 would be required.

Recall that sound waves have Been filtered from the governing
equations. Thus; the wave speed requirement is here limited to inter-
nal gravity waves, which may occur in stable environments. Following
from Haltiner (1971), the phase speed of a horizontally propagating

internal gravity wave in the basic state environment is:

1
L L2 ( ae)”“
X 2 i (0]
2 2 [8) 3z
27T(LX + L, ) o)
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where LX and LZ are the horizontal and vertical wavelengths of the
disturbance and the last term is the environmental Brunt-Vaisalla
frequency N. Based on the observational study of Starr and Cox (1980),
layers more stable than (98/0z) ¥ 15°K kmfl are extremely rarely ob-
served in the middle to upper troposphere. The corresponding lapse rate
is v -10°K kmfl, i.e. a very strong temperature inversion. Such very
stable layers in the middle to upper troposphere would be of limited
vertical extent, i.e. < 1 km (Starr and Cox, 1980). Choosing a typical

value of ©_ = 310°K leads to N = 0.02 g1

, in the case of (390/82).m
15°K kmfl. Noting that C increases as the scale of a disturbance in
such ‘a stable layer increases, an extreme case would be Lx = Lz = 1 km.
(Note that symmetric disturbances tend to have the fastest wave speeds.)
Thus, in a very extreme case, Cmax V1.7 m s_l. This value is less
than the value of Viax estimated above. Thus, the above values of At
should insure computational stability even in a very extreme case and
are, therefore, adopted for this study.

In practice, it is highly economical to avoid evaluating the diaba-
tic terms in f at every time step due to their complexity as seen in
Sections (3.9) and (3.11). However, the number of time steps between
times at which the radiative (QR) and water phase change C terms are
diagnosed should not be so large that excess numerical noise is generat-
ed or that the physics of a simulation become unrealistic. Let NR and
NC be the number of time steps between evaluations of QR and C, respec-
tively. It is reasonable to require N, < NC’ since the distribution of

R

2 is the primary modulator of QR (Section 3.11). In this study, Np o

is employed. The proper choice of NC is deferred until Sections 3.9 and

=N

4.5. A somewhat different approach is adopted for the QR and C terms.




The diagnosed radiative heating rate at the n = jNR time step,
where j =1, 2, ..., is applied at all intervening time steps until

the next diagnosis at n = (j+l)NR, i.e.

3N
R = QR & (3.7.11)

for n = jNR, jNR +1, ..., jNR + (NR - 1) is assumed. This reduces
the shock to the system compared to the method of incorporating the
water phase change term described below. The filtered leap frqg scheme
is an effective filter of high frequency numerical noise which may
occur due to the highly non-linear step function nature of QRn.

Phase changes of water are diagnosed by an adjustment process,
i.e. Section (3.9). As such, the term computed is NC(At) EJNC, where
EJN is the mean water phase change rate over the time period n =
(j-l)NC to n = jN,. Thus, formally this term is not included in the
time integration schemes developed above but is rather an adjustment
of the 8, q and % fields at n = jNG accounting for water phase changes
over the previous NC time steps. The adjustment is made subsequent to
the prediction of 8, q and £ at the n = jNC time step.

The use of an adjustment procedure for the diagnosis of the phase
change terms 1eads to problems when evaluating the diffusion terms at

the lag step for the prediction of the fields at the jN, + 1 time step.

C
This may be seen in that errors due to not diagnosing C at every time
step have been allowed to build up from n = (j—l)NC +1 ton = jNC - 1.

The change in the perturbation fields of 8, q and £ may be significant

from n = jNC -1ton = jNC once the phase change adjusiment has been




made. In this sense, the lag step diffusion terms evaluated at n =
jNC - 1 for the prediction to the n = jNC + 1 time step may be very
unrealistic when considering the actual current distribution of the
perturbation fields. For example, the diffusion processes may attempt
to reduce the amplitude of a peak perturbation value when in actuality
this peak value has already been largely eliminated in the adjustment

process.

A very similar problem arises if the %eap frog scheme is used to
predict the jNC + 1 time step, since the SJN . values are employed.
For these reasons, the diffusion terms are not evaluated and the Euler
forward scheme, rather than the filtered leap frog scheme, is utilized
1o predict the n = jNC + 1 fields of 6, q and £. For 6 and q, the
filtered leap frog scheme is then restarted to predict the values at
n = jNC + 2. The filter is reinitialized as:

s 2 g, (3.7.12)

For the initial time step from the prescribed fields at n = O to
n = 1, the centered time integration scheme is inappropriate. Thus,
the Euler forward scheme with no diffusion is utilized for this step.
Note that the time filter is initialized as in Equation (3.7.12) with
J = O before thé filtered leap frog scheme is applied to predict the
fields at n = 2.

One additional consideration must be made. In this model, the

Euler forward time integration scheme is always employed for the pre-

diction of &. This is done for primarily two reasons. The first is




that it effectively suppresses the £ < O computational mode. As noted
in Section 3.4, the occurrence of this non-physical computational mode
is particularly troublesome. It arises in the leap frog scheme because
the effective wind field for the advection of £ may be very divergent
due to the presence of the effective relative terminal velocity term

n-1 <

for ice water. In this sense, particularly when 2 2n, the advec-

tive term evaluated at n may remove more ice water than is available
at n-1. This does not occur with the Euler forward scheme. The second
reason is that when used with an upstream (uncentered) space differenc-
ing, the Euler forward scheme is very stable (Haltiner, 1971). This is
not true when used with centered space differencing schemes, as for z,
6 and q, where the Euler forward scheme may lead to computational in-
stability if used repetitively. In fact, the solution is slightly
damped when using the Euler forward time integration scheme with up-
stream space differencing. This damping, though not desirable in and
of itself, is far more desirable than permitting the £ < O computa-
tional mode.

In summary, the computational procedure is as follows:

1. Predict fields atn =1

Euler forward scheme with Kgq OforS=1t¢, 8, q and 2,
(Equation 3.7.9).

2. Tnitialize time filter 8° for S ¢, 6 and q (Equation

3.7.12 with j = 0).
3. Successively predict fields at n = jN, + 2 ton = (j+l)NC.
a) Filtered leap frog scheme with lag step diffusion
=n-1

for S = ¢, 6 and q (Equation 3.7.8) where S is

evaluated after each step (Equation 3.7.5).

“r




b) Euler forward scheme with lag step diffusion for S = % ’
(Equation 3.7.9).
4. Adjust 0, q and & fields for diagnosed phase changes of water
(Section 3.9).
5. Predict fields at n = jNC + 1
a) Filtered leap frog scheme with lag step diffusion for
S = ¢ (Equation 3.7.8).
b) Euler forward scheme with Kg =0 for S =0, q, &
(Equation 3.7.9).
6. Reinitialize time filter 5% for S = 8 and q (Equation

3.7.12).

7. Let j = Jj + 1 and proceed to step 3.

3.8 Solution of Poisson's Equation

Direct numerical time infegration of the governing prognostic
equations requires that the perturbation streamfunction field be
specified in order that the integration may proceed over the next time
step. Thus, dlagnostic Equation (3.1.10) must be solved at each
dynamic grid point after each time step. Note that Ci,k is known and
wi,k is the unknown at each grid point once the integration step has
been performed. Thus, a solution of I x K coupled equations of the

form:

2 1 i}
LV T 2 (Waa e " Va1, " V01 ¥ V0,001 — 4 Va1

(3.8.1)
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fori=1,2, ..., I-1, Tandk =1, 2, ..., K-1, K is desired. The
solutions must obey the boundary conditions given by Equations (3.1.4)
and (3.2.19).

Efficient and highly accurate numerical methods exist to solve
this type of system, e.g. Lorentz (1976) and Sweet (1977). A fortran
program of the cyclic reduction algorithm of Sweet (1977) was obtained
from the National Center for Atmospheric Research Software Library
(named FISHPAK) and is a revised version of the program described by
Swarztrauber and Sweet (1975). They state that the use of this pro-
gram entails a loss of no more than 3 significant digits for I and K as
large as 64. It should be noted that in addition to Equations (3.1.4)

and (3.2.9) the program enforces the condition:

%,1 R

which may be viewed as consistent with the continuous form boundary
conditions on ¢ (Equation 2.26) but not with the interpretation here
(Section 3.2). This does not appear to cause a substantial problem.

Tests of the program by this author verified the stated accuracy.

3.9 Phase Changes of Water

Recall that the model is limited to a consideration of only one
non-vapor phase of water. In general, only the ice phase is treated.
However, for comparison, liquid/vapor phase simulations are also per-
formed. This section describes the manner of diagnosing the phase
changes of water and is specifically directed to the vapor to ice (v~

i) and ice to vapor (i + v) sublimation processes. Comments on




differences with condensation/evaporation processes are made where
appropriate.

The phase changes of water are evaluated in a diagnostic manner.
Thus, rather than directly evaluating the sublimation rate by means of
some consideration of the microphysical growth equation, the sublima-
tion rate is evaluated indirectly through an adjustment of the local
thermodynamic (T + To) and water (q + q, and 2) values @; some assumed
equilibrium state. The adjustment at a discrete time tJ ¢ reflects
the phase changes required over the previous time period At* = Ncém
such that any non-equilibrium state which has evolved in that time is
eliminated (Section 3.7). It is implicitly assumed that the adjustment
time scale At* is sufficiently larger than the corresponding true
microphysical time scales such that the assumed equilibrium may be
realistically achieved. The validity of this assumption as well as
the specification of the assumed equilibrium state are considered later
in this section. These are essentially the parametric components of
the diagnostic routine described here.

The mechanics of the adjustment process are fairly straightforward
and are discussed presently. For the moment, the equilibrium assump-
tions are that no supersaturations with respect to ice may ocecur and
that no subsaturations with respect to ice may occur in the presence
of ice water.

When the phase change diagnosis is made (i.e. n = jNC for j = 1,
2, ...), the adjustment process is initiated at a thermodynamic grid

point (i+,k+%) only if:

(¢ +q)) > q(T+ Tos Pg) (3.9.1)




or if:

(¢ +q)) < q(T + T P,) and & >0 (3.9.2)
where q* is the saturation water vapor mixing ratio with respect to ice
and is a function of the temperature (T + To) and pressure. Note that
q+q is assumed equal to the total water vapor mixing ratio for the
phase change diagnosis. The grid location indices have been neglected
for convenience. Note that effects due to pressure perturbations have
been neglected. Errors due to this approximation are exceedingly small
(<< 0.1%) for the simulations reported here. Statements (3.9.1) and
(3.9.2) explicitly assume uniform distributions of (T + TO), (q + qo)
and £ in any thermodynamic grid area. Thus, the effects of sub-grid
scale variability (e.g. Sommeria and Deardorff, 1977) have been neglect-
ed.

The temperature and saturation water vapor specific humidity may

be approximated as:

TH+T = (6+0)T (3.9.3)
€ e(T + T))
and (T + T, p,) * S(Po . :S(T Ty (3.9.4)

respectively, where eg i1s the saturation vapor pressure of water with
respect to a plane pure ice surface and is a function of temperature
alone. The manner of computing eS(T + TO) is described in Appendix A
and is accurate to within i_O.l% over the range of temperatures con-
sidered here. A similar representation of the saturation vapor pres-

sure of water with respect to a plane surface of pure liquid water is

also given in Appendix A. The error.in the above approximations for




eg and, thus, q* are due primarily to errors in the diagnosis of T + TO .
by means of Equation (3.9.3). In the case where the entire layer is

cooled by 5°C, the effect of using T rather than 7, to compute T + TO

would lead to an error of ~ 5% in eg and q* at the top of the domain.

Much better accuracy is generally expected as this is a worst case.

This problem may be further minimized by periodically updating the val-

ues of P, and Toe

The values of (T + TO), (q + qo) and £ are adjusted according to:

(T+TO)' = (T+7T) +c£(c At*) (3.9.5)
p
(q + qo)‘ = (q+ Q) - (¢ %) (3.9.6)
and 27 = o+ (0 A% (3.9.7)

where the primed quantities denote the new diagnosed values, once the

equilibrium adjustment has been made. Note that 2 is-the sublimation
rate averaged over the time interval NC At. TFor sublimation processes,
the coefficient of latent heat L is very nearly a constant at tropo-
spheric temperatures. The value employed here as well as the manner
of computing the temperature dependent value of L for condensation/
evaporation processes is given in Appendix B. Note that subsequent to
the adjustment process, the new equilibrium perturbation potential
temperature is computed by inverting Equation (3.9.3) as:

(T + 1,)"

8" = = - @O . (3.9.8)
o

One additional relationship is needed to close the system of

Equations (3.9.5), (3.9.6) and (3.9.7). The first equilibrium assump- .

tion leads to:




(@+a))" = CUT+1), ). (3.9.9)

This is, also, a valid representation of the second equilibrium assump-
tion except when Equation (3.9.2) is true and
LT ) 4.
(T TO)-+L 3

¥ » P
(@+a,+28) s qa  ° (3.9.10)

in which case:
voox
(cat™) = 2 (3.9.11)

is appropriate. In this instance, Equation (3.9.11) allows the adjust-

ment to proceed directly from Equations (3.9.5), (3.9.6) and (3.9.7).
When Equations (3.9.1) or (3.9.2) are true and Equation (3.9.10)

is not true, Equations (3.9.5), (3.9.6) and (3.9.9) may be combined as

in Hack and Schubert (1976) to yield:
* » cp -
(@ +q,) -a((T+T), p) - T{(T +T) - (T+T) } =0 (3.9.12)

where (q + qo)’ and (g At*) have been eliminated. This is a closed
equation for (T + TO)’. Due to the complicated nature of the funec-
tion q*, an analytic solution for (T + TO)' is not readily available.
However, an iterative solution is easily obtained by applying Newton's
method (Carnahan, et al, 1969) as follows:

i. Make an initial guess of (T + To)' and set the iteration

index v = 1. Note that if Equation (3.9.1) is true, then




(T + To),(v=1) > (T+7T)

or if Equation (3.9.2) is true, then
~(v=1)
(T + TO) < (T + To) .

T + To)’(v+l)

ii. Compute a new estimate ( from:

(v OO L (pen (V) [ci fla + ay) - a((z + 1)), p,) |

P
(v) -1
- {(T T ) - (T To)}} * [1 e (B, ~ (T ¥ To))] (3.9.13)
where
(Q) 3 eq(y)
A = —2 | . (3.9.14)
ay y=(T + To)’(v)

The manner of computing A is described in Appendix A for both sublima-
tion and evaporation/condensation processes. Note that the saturation
vapor pressure term in the denominator of Equation (3.9.4) has been
regarded as a constant when determining A.

*)(V+1)

‘
iii. Compute the new estimates of (C At , (q +

~(v+1)

qé)'(V+l)

and 2 from Equations (3.9.5), (3.9.6) and (3.9.7),

7+ 7 ) (V1)
(o]

respectively, where ( is substituted for

(T + To)’ in Equation (3.9.5).

iv. Test convergence of iteration. If:




0

p)}_1

'-{ q*((T N TO),(\)+1), p) - (q+ qo),(v+1) }

< err (3.9.15)

{ q*((T N To) (v+l),

then consider the estimates correct. If Equation (3.9.15) is not true,
then let v = v+l and repeat the procedure from step ii.

The convergence parameter is usually specified as err = 10_4,
which corresponds to an error of 0.01% in the relative humidity com-
pared to the equilibrium assumption. Convergence is usually achieved
in less than four iteratiams.

Once convergence is achieved the adjusted values of 8, q and 2
are specified at the thermodynamic grid point (i+4,k+s) at time step

n = jN, as:

C
(7 + 1) VL)
8 = ° - Oo
™
(o]
v+l
qa = (q+aqg) (/ ) a, (3.9.16)
AVl
and % z_(" ),
respectively.

The equilibrium assumptions actually employed in the model are now
considered. The above adjustment procedure is correspondingly modified
only in the definition of some terms. The approach adopted here is
highly empirical though guided by some theoretical considerations.

Three distinet phase change processes are considered. These are the

vapor to ice sublimation processes in clear air (v + i), the vapor to




ice sublimation process in the presence of ice particles (v > i+i) and
the ice to vapor sublimation process (i » v).

For the (v + i) process, theoretical computations reported by
Heymsfield (1975c¢c) indicate that supersaturations with respect to ice
on the order of 50% may be required to initiate homogeneous nucleation
at temperatures typical of cirriform cloud levels. However, for d =
100 m, the results of Sommeria and Deardorff (1977) indicate that super-
saturations of this order may be expected locally within a grid area
when the mean grid area supersaturation is on the order of 20-30%.
Heymsfields computations show that ice crystals may grow to lengths of
" 300 um within ~ 10 minutes where the water vapor supply is depleted
to near saturation in this time. These results are consistent with the

results of Jayaweera (1971). Recall that ideally, N, At >

N TU'*I'L 1s

C
required, where T,,; 1s the time scale corresponding to the (v-+i) pro-
cess. The microphysical response times in the presence of ice erystals
are much faster (Heymsfield, 1975c or Jayaweera, 1971). Substantial
further modification of the particle size spectrum may occur within

time intervals less than 5 minutes, i.e. T < 5 minutes. Thus, if

v>i+i oA
NC At v 10 minutes, the physics.:ay .2 very substantially in error at
the time steps between phase change éiagnoses. Economic considerations
as well as the above suggest NC At = 5 minutes (i.e. NC = 10 for At =
30s) may be adeQuate for the purposes here. The sensitivity of simula-
tions to the choice of NC will be established in Section 4.5, With
this choice and noting the results above, a reasonable modification of
the adjustment process is to substitute 1.2 q* for q* in Equation

(3.9.1). Noting that Tyay > T , 1t is assumed rather

Ui+l




arbitrarily that the existing supersaturation is only half depleted in
5 minutes. This is consistent with the results of Heymsfield (1975¢).
This may be incorporated into the adjustment procedure by substituting
1.12 q* for q* in Equations (3.9.9), (3.9.12), (3.9.13) and (3.9.15).
In addition, the same factor must be applied to A(v) in Equation
(3.9.13). The use of 1.12 is clarified below.

For the (v = i+l) process, Heymsfield's computations indicate that
no modifications are required. However, in an unpublished companion
study to Starr and Cox (1980), they found that supersaturations with
respect to ice up to 15% are very common in cirriform cloud layers.

They observed a mean value of v 8% and a median value of ~v 5%. This
result may be readily incorporated into the model by substituting 1.05
q" for " in Equations (3.9.1), (3.9.9), (3.9.12), (3.9.13) and (3.9.15)
and, also, multiplying 1.05 times the factor A(v) in Equation (3.9.13).

A modification of this parameterization at cloud top level may also
be appropriate. Roach and Bader (1977) have noted that based on micro-
physical computations whei'e radiative effects were taken into account,
that the infrared radiative budget of an ice crystal near cloud top is
such that the larger crystals ﬁéy coerinue to grow in significantly sub-
saturated conditions. Thus, particuiarly at night, the original equi-
librium assumption is probably more valid near cloud top. In the day-
time, absorption of solar radiation may largely negate this effect.
Thus, at night, the factor 1.0 is applied asbabove and in the daytime
the factor 1.02 is applied for the cloud top layer.

When considering the (i + v) sublimation process, one factor which
must be considered is the hardiness of ice crystals. Observations

(e.g. Braham and Spyers-Duran (1967), Berson (1967)) and theoretical

Ul




computations (e.g. Roach and Bader (1977) and Hall and Pruppacher,

1976)) indicate that Tiop > T

. ittt For example, Roach and Bader

show that large ice crystals with length dimensions greater than ~ 200
Hm may fall more than 1 km in still clear air where the environmental
relative humidity with respect to ice is 80%. However, the incorpora-
tion of such Lagrangian information into a Eulerian model, such as here,
is not straightforward. The effective relative terminal velocity of ice
water ranges from v 0.6 m s—l tov1.6m s_l in magnitude when signifi-
cant numbers of large ice crystals are present as developed in Section
(3.10). The exact magnitude depends on the ice water content, po L.
Thus, in a Lagrangian sense, a precipitation stream may propagate down-
ward 1 km in ~ 10 to ~ 30 minutes in this Eulerian model given a suffi-
ciently large Py % at all times. Noting that the falling ice water is
subject to the (i -+ v) phase change, a mean fall speed of v 1 m st

might be associated with the entire lifetime of the precipitation stream.

In this case, all ice water present in an enviromment with a relative
humidity with respect to ice of 80% should be converted to the vapor
phase within ~ 15 to n 20 minuted. This time scale is less in the case
of a more moist environment (Roz:h an. Bader, 1977).

A simple parameterization is to.allow only a fraction fz of the
ice water present to undergo the (i - v) sublimation process at a given
time. The amount fz 2 is of course a maximum value, since in order to
be consistent with the previous developments, the (v > i+i) equilibrium
assumption must also be maintained. This may be seen in that if Equa-
tion (3.9.10) is modified as above for the (v - i+i) process and £, 2

is substituted for £, and the statement is not true, then the in-cloud

equilibrium assumption would be violated if Equation (3.9.11), with

o\
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fz 2 substituted for &, is used for the direct diagnosis of the phase
change (i.e. the maximum case). In this instance, Equation (3.9.9),
modified as above for the (v = i+i) process, is invoked and diagnosis
of the phase change proceeds iteratively from the correspondingly modi-
fied form of Equation (3.9.12). If the modified form of Equation
(3.9.10) is true, the phase change adjustment proceeds directly from

Equation (3.9.11) with £, % substituted for 2.

4 3

Since as developed in Section (3.10), Py % = 10 g m ° corresponds
roughly to the threshold for the diagncsis of significant numbers of
large ice crystals, potentially all the ice watér present may undergo
the (i - v) process for ice water contents less than this amount, i.e.

if p, % § 10‘4g.nf3, then

£, = 1.0 . (3.9.17)
Given this condition and noting the proposed value of NC At = 5 minutes,
the function f, should allow p % to be reduced to less than 1074 g,m‘3

within ~ 3 phase change diagnoses (i.e. ~ 15 minutes) at a relative
humidity of 80%. The following scheme is proposed in the case where

N, At = 5 minutes:

C
if RHI > 0.8, then:
0
fo5 = max { (3.9.18)
4.5 (1 - RHI) ,
otherwise,
1.0
f£5 = min (3.9.19)
(6.2 - RHI) / 6
where




qQ+q
RH. z[ ° )] - (3.9.20) .

*(T + T
q o’ PO

and the subscript 5 on fl denotes the corresponding value of NC At.

This parametric function f25 as defined by Equations (3.9.18) -
(3.9.20) is admittedly rather crude. However, in the case where the
environmental relative humidity with respect to ice is maintained at
80%, i.e. RHI = 0.8, all ice water is converted to vapor in 20, 15, 10

dnd 5 minutes beginning with a diagnosis at °, 2 =1.0, 0.1, 0.01 and

3

0.001 g‘ﬂ , respectively. Based on the observation of ice water con-

tents in cirriform clouds (see Section 3.10), 15 minutes or less will
generally be required. This agrees with the previously noted studies of

ice crystal survival times. Note that for RH. = 1.0, 0.9, 0.8, 0.6,

I

0.4 and £ 0.2, £,- = 0.00, 0.45, 0.90, 0.93, 0.97 and 1.0. A value of

25
RHI = 0.26 effectively halves the response time to 10 and 5 minutes in

the case where an initial diagnosis is made for Po £ = 1.0 and 0.01
gnfl, respectively.

The funection f£5 has been tuned to both the specified value of
NC At and the observations. Thus, any modification of NC At requires
an adjustment of the function fz. This may be readily accompiished by
noting that:

(Ny At/5 min)
£,o= (1= 1) (3.9.21)

is required to achieve the same time scales for any specified NC At

where f,. is determined from Equations (3.9.18) - (3.9.20).

25

The computational procedure followed for the parametric water phase

change diagnosis in the model is summarized by the following steps. '

b



® 1. Ifn=j At where n is the time step index, At® = N, At
At is the time step interval and j = 1, 2, 3, ...; then
proceed to step 2. If n # j At*, then no diagnosis is per-
formed at this time step.

2. At each thermodynamic grid point (i+%,k+%), compute T + T,
and q° (T + T_, p_) from Equation (3.9.3) and (3.9.4), re-
spectively, test for the assumed equilibrium between the
phases of water as in steps (2a-d). (Note that the grid
indices are omitted here).

a) If 2=0 and (q +q) 21.2q" (T + T, ), then let

r = 1.21 and proceed to step 4.

W

*
b) If & >0 and (q+qo-) I'q" (T +T,, p,), where T =

1.05 it k < KT -1, T

1.00 if k = KT - 1 and¥" < 90°,
‘ and T = 1.02 if k = KT - 1 and®" > 90° then proceed to
step 4. Note that KT - % is the cloud top grid area
and ¥ is the solar zenith angle as defined in Section
3.11.
c) Ifp 2 < 1074 g 3 and (q +q ) < T q* (T+T, p.)
) _ o o’ “o”’

where T is defined as in step 2b, then let f, = 1.0 and

L
proceed to step 3.
- - *
4) Irp 2310%gn 2 and (q+q)<Tq (T+T, D)
0 o o’ ‘o
where T' is defined as in step 2b, then compute f2

as in Equation (3.9.18) - (3.9.21) and proceed to

step 3.

1

C

.JConsistently ' = 1.05 or 1.16 in the case of N, At = 10 or 2.5
. minutes, respectively.
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3. Substitute fz % for & and Fq* for q* in Equation (3.9.10)
and test to see if the statement is true. If true, sub-
stitute £, & for % in Equation (3.9.11) and proceed
directly with the adjustment from Equations (3.9.5), (3.9.6),
(3.9.7) end (3.9.16).

4. Substitute Fq* for q* and TA for A in Equations (3.9.13)
and (3.9.15) and proceed with iteration as described
previously, i.e. steps (1) to (iv), until convergence is
achieved. Complete the adjustment as in Equation (3.9.16).

When a liquid/vapor water phase simulation is performed, the

adjustment proceeds under the original equilibrium assumptions, i.e.
' 1.0 and fz = 1.0 in all cases. This is consistent with micro-

physical observations of liquid phase middle tropospheric stratiform

clouds as summarized by Mason (1971).

Recall that effects due to sub-grid scale variability of T, q
and 2 have been neglected in this development. A desire for simplicity
and a basic lack of knowledge have dictated this approach. This may
be seen in that the schemes proposed by Manton and Cotton (1977) and
Sommeria and Deardorff (1977) were designed primarily for models of
cunulus convection and boundary layer processes in the lower atmosphere.
Furthermore, the validity of the assumptions, which form the basis of
those parametric schemes, has not been rigorously established by ob-
servations. The neglect of sub-grid scale variability for water phase
change processes is somewhat consistent with the rather simple treat-
ment of sub-grid scale processes employed elsewhere in this model, i.e.

eddy diffusion processes. It is hoped that the use of d = 100 m will ‘




minimize the impact of these assumptions. However, Sommeria and
Deardorff (1977) state that use of this assumption leads to somewhat
less extensive and intense convection in a simulation compared to the

case where thelr parameterization is employed.

3.10 Effective Relative Fall Velocity

In the governing equation for the ice phase water budget, the
quantity v*l éppears, which accounts for the vertical flux of £ due to
the gravity induced vertical fall velocity of the ice particles com-
prising % relative to a coordinate system moving at the vertical air
velocity (w + wo). The manner of specifying v*, which is the effec-
tive relative fall velocity of the ice phase water, is developed in
this section.

A parametric approach is adopted. The resulting parameterization
is most valid for ice phase stratiform clouds at temperatures less
than v -20°C. This is consistent with the limitations of the model,
where only one non-vapor phase of water, which is generally specified
as the ice phase, may be taken into account. The parameterization is
computationally efficient and, hopefully, yields a realistic diagnosis
of v* as a function of ice water content, p 2. A liquid phase para-
meterization is, also, given.

Since the full microphysical growth equations are not incorporated
into the model for the reasons stated previously, it is virtually im-
possible to account for all the variations in v* which may occur in
natural clouds. In particular, the effects of particle size sorting by

virtue of the interaction of the dynamics and microphysics are not
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taken into account. This may not be too severe of a problem for the
cloud layer itself but may limit the validity of the parameterization
for precipitation trails emanating from the cloud layer.

Let r be some characteristic length of a given water particle of
type j, where vj(r) and mj(r) are the corresponding relative vertical
fall speed and mass of that particle; The type of particle refers to
the particle habit, e.g. liquid water drop, a columnar ice crystal, a
plate form ice crystal, etc. It is assumed that the relative vertical
fall velocity of a particle equals its terminal velocity in still air.
Let nj(r’) be the number density of particles of type j and character-

istic length r in the size interval,

(r’--g) < r g (r+3)

where A is some small length interval. For the computations reported

here, A = 10-6 m. Now,

1 I J
2 = =% I n(r.)mJ(r),
p i=1 j=1 J 1 J 1
M
-v 8= =3I I n.(ri) m.(ri) v.(ri)
P i=1 j=1 J J

and, thus,

LogiC




i° J
oz nj(ri)mj(ri)_vj(ri)

¥ _ i=1 j=1
B
z I n(r.)m.(r. .10.1
I L e myte) (3.10.1)
where
ri=(i"1/2)A)

p 1s the air density.and,rl, is the characteristic length of the largest
particle present. For the computations reported here, I = 5 x 103

3

corresponding to r-. = 5 x 10 ° m, unless a point of insignificance is

I}
reached first, i.e. numerical underflow. The number density size dis-

tribution may be represented as:

*
nﬁgﬁ = Njnfrﬁ

where Nj is the number density of all particles of habit j and n?(ri)
is a dimensionless normalized size distribution function.

Many ice crystal habits may be found in stratiform ice clouds.
Weickmann (1947) reported that at temperatures less than -25°C, hexa-
gonal prisms are the most common crystal forms. He found the bullet
rosette to be the primary crys€§l hz" it in convectively active cirrus
clouds, while in less convectively active cirrostratus clouds eroded
single bullets, columns and plates were predominant; Based upon labora-
tory experiment, aufm Kampe et al. (1951) found that irregular aggre-
gates of plates and colums, bullet rosettes and single columms should
be the most common crystal habits at temperatures between -20°C and
-40°C. Based on his own extensive observations and those of other
workers, Ono (1970) reported that, at temperatures less than -22°C,

single colums, bullets and thick plates, bullet rosettes and irregular

L




aggregates of plates and columns are the predominant crystal habits. '
Heymsfield and Knollenberg (1972) found that, in convectively active
cirrus generating cells, the crystal forms were about 75% bullets,
colums and bullet rosettes and about 25% plates. They also noted
that the observed plate form ice crystals invariably corresponded to
the smallest particle sizes observed (r < 10_4 m). Similar results
were reported by Heymsfield (1974) for sub-tropopause thin cirrus.
Heymsfield (1975a) found that, in convectively active cirrus uncinus
clouds, the predominant ice crystal types were bullet rosettes, single
bullets, banded columns and plates in that order. Hobbs, et al. (1975)
reported that, in numerous samples of cifrostratus clouds, irregular
aggregates of colums and plates and single columnar forms were the

most commonly observed ice crystal habits. Based on observations in

numerous cirriform clouds at temperatures less than -22°C, Heymsfield
(1977) found that columns and thick plates were predominant with weak
convective activity, while in convectively active layers, bullet
rosettes and hollow columms were the most common crystal habits.
Varley (1978) and Varley and Brooks (1978) found that in cirrostratus
clouds, the larger particles wers mo:s commonly irregular aggregates
and bullet rosettes, while plate form‘crystals were predominant for
the smallest particle sizes.

The observations of Hobbs, et al. (1975) and Heymsfield (1977)
indicate, that for temperatures less than ~ -20°C, the contribution of
liquid phase water to the total non-vapor phase water content is in-
significant. This is consistent with the conclusions of Schaefer

(1951), where the initiation of ice crystals in cirrus clouds is at-

tributed primarily to spontaneous nucleation.




Ono (1970) and Heymsfield (1977) note that at warmer temperatures
planar crystal forms, e.g. dendrites, and high aspect ratio colummnar
forms, e.g. needles, may be predominant. Locatelli and Hobbs (1974)
found that riming may also be an important factor in modifying the ice
crystal types at warmer temperatures. In addition, as temperature in-
creases toward 0°C, the liquid phase particle habit becomes inc;easing-
1y more significant until at T » -5°C, it may be predominant. However,
over the range of temperatures where the ice phase and liquid phase of
water may coexist in significant quantities, i.e. T £ 15 C°to 0°C, the
liquid phase particles are predominantly very small, (Heymsfield, 1977).

For the parameterization developed here, only twq water particle
habits are considered. These are the column and the bullet rosette
aggregate ice crystal types. Thus, the parameterization is most appli-
cable for temperatures less than v -20°C. Since both the mass and
terminal velocity of ice particles are monotonically increasing func-
tions of r, both the total ice water content, p £, and the effective
terminal velocity corresponding to a given particle size distribution
are dominated by the contributions due to the largest particles pre-
sent in significant abundance. Zase. upon this fact and the fact that
the mass-length relations and termiﬁal velocities of the smallest
particles present are not too different for the different ice crystal
habits in an absolute sense, the plate form ice crystal habit is
neglected in this development. Errors in the computedséf'due to this
assumption are minimal. A similar justification for négiecting the
liquid phase water particle habit may also be invoked.

In Table 1, mass-length relations for various ice crystal types,

which are based upon numerous observations and empirically derived by
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the authors noted, are presented. The characteristic length of r of an ’
ice crystal is defined here as the maximum length dihension of that

crystal. These relationships are plotted in Figure 7. Note that single

columns are more massive than bullet rosettes for r < 5 x 10_4 m and

that the curve for plates lies between these curves for the smaller

particle sizes. Except for very large particles, irregular aggregates

are the most massive particles at any given characteristic length.

mg) = A r° (1070 m)

Particle habit A B Source
Columns (j=1) 1.35 x 10710 1.7 Heymsfield (1972)
. Bullet rosettes L x 10714 3.0 "
(j=2)
Plates 8.22 x 10752 2.5 "
Unrimed aggregates 7.36 x 10711 1.9 Locatelli and
of plates, bullets Hobbs (1974)

and colums

Table 1. Mass-length relationships.

Heymsfield (1972) states that ti: steadard error of these formulas is
on the order of i_ZO% for individuai ice crystals. However, much
bettep accuracy may be expected when considering large populations of
ice crystals as'here.

Based on the exacting computations of Heymsfield (1972), the
magnitude of the terminal velocities of single column, bullet and plate
“type ice cryétals in still air as a function of chafacteristic leﬁgth

may be represented by the relations presented in Table 2. These rela-

tionships are plotted in Figure 8. These data correspond to an ambient
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Figure 7. Empirical relationships between particle charac-

teristic length, r, and the corresponding parti-
cle mass, m, for various ice particle habits.
See text for source and discussion.
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pressure of 40 kXPz (400 mb) and an ambient air ten,gratuw;aﬁ‘-'ﬂC“V

These relations were fit to his results over the

to 10‘3 m. For r < 10‘4

m and r >410_3 m, simple gs.trapolaticn f-om

the nearest size interval was employed.

o(m s—l) = AP (10"6 m)
9 Columns (j=1) Bullets (j=2) Plates
r (10 “m) A B A B R 4
0-200 8.114 x 10°° =2 o

1.585 5.666 x 10 1.663

200-400 4.995 x 10'3 0.807 3.197 x 1072 0.902 1.480 x 1C ~ 0.v2e

400-600  2.223 x 107 0.558 2.977 x 107° 0.529 Lo X 257 6o

600-800  4.352 x 107° 0.453 2.144 x 1072 0.581 . . 7

800-5000 3.833 x 107° 0.472 3.948 x 10°°

0.489

Table 2. Terminal fall speed-length relationships -

R
.

In a relative sense, plate form ice erystals f-.: .= . - =
rapidly than single column or bullet ice crystals at sm.ll nexiicl s
sizes. quéver, in an absoluté.ééhse, the differer-:: zuovr 70 ne”
more than 2 x 1072 m s for r ~ 107" m. Comparing columm. = . Liuiices
at any given charaéteristic length, the more massite carticvis i8nds 7o
fall faster but there is a superimposed aerodynamic eifact. ormsiwo .
(1975c) states that the relationship for bullet rosziie: ccr:. -.a-
closely to that for single bullets (at least to witiain the
of the computations). This is also assumed here. ‘f;ym:fiel:

states that the standard error of his computations . . v ... |

tals is on the order of + 20% and is due primarily o i wron
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Empirical relationships between particle
characteristic length, r, and the correspond-
ing particle terminal fall speed, v, for vari-
ous ice particle habits. See text. for source
and discussion.




noted uncertainty in the empirical mass-length relationships, which
were employed. However, as before, much better accuracy may be anti-
cipated when considering large populations of crystals as here.

Presumably, the irregular aggregate type particle would have a
larger terminal velocity than the bullet rosette for a given character-
istic length by virtue of its larger mass for most values of r. How-
ever, an opposing effect is that due to its less aerodynamic shape, the
irregular aggregate crystal would experience more drag and, thus, fall
slower than a bullet rosette at a given value of r. Because of the
lack of an appropriate empirical terminal velocity-length relationship
for the irregular particles, all aggregate particles have been assumed
to be bullet rosettes. It is hoped that the compensating effects noted
above will mitigate the effect of neglecting the irregularly shaped
aggregate ice particle habit.

Thus, J = 2 is assumed in Equation (3.10.1), where j = 1 and j = 2
correspond to the siﬁgle colum and bullet rosette ice crystal habits,
respectively. The appropriate relations from Tables 1 and 2 are em-
ployed for mj(ri) and vj(ri), respectively. Since it is unclear from
the previously discussed observa-ion: axactly what relation might be
invoked concerning the relatiVe abunaance of these two crystal habiis,

it is arbitrarily assumed that:

N_l = nl(ri) = WW
N n(r;) -
where
N = Nl + N2
and




n(ri) = nl(ri) + nZ(ri)

are the total number density and number density size distribution funec-
tion for all ice particles present, respectively, and WW is some con-

stant, positive fraction. Thus,

o (r;) = (W) o(ry)
and n2(ri) = (1-ww) n(ri) (3.10.2)
where n(ri) = N n*(ri),

are assumed. Formally, the relative abundance of the two ice crystal
habits has been assumed to be independent of particle size. However,
due to the dominant influence of the largest particles present in
significant quantities on the computed v*, the choice of WW may be
interpreted as effectively specifying the relative abundances of these
largest particles.

The computations. reported hers are performed for specified values
of WW =20, 0.5 and 1.0 correspénding “o an assumption that all parti-
cles are bullet rosettes, that fﬁere.is an equipartitioning between
single colums and bullet rosettes and that all particles are single
colums, respectively.

The form of the particle size distribution functions associated
with stratiform ice phase clouds is not well-known. Heymsfield (1975a),
Varley (1978), and Varley and Brooks (1978) all indicate that in all

cases the smallest particles dominate the total number density with a

peak in the number density distribution at a characteristic length less




than ~ 1077 m. Hobbs et al. (1975) present data which implies that a .

large particle mode with a modal length on the order of 5 x lO—4 m or
greatef tends to be found with ice water contents greater than ~ 0.1
gnr3. At smaller values of ice water content, a peak in the particle
size distribution tends to occur at a characteristic length of 10_4 m
to 3 x 107 m. Heymsfield (1975a) observed a distinct peak in the

particle size distribution at r v 5 x lO-4 m in cirrus uncinus clouds

with an ice water content of v .25¢g HTB. He, also, shows what may be
interpreted as a weak modal peak at r v lO-4 n for cirrostratus clouds
with an ice water content of n 0.02¢ nfB. These observations agree

reasonably well with those of Varley (1978) and Varley and Brooks
(1978), who found a fairly strong tendency for peaks in the number
density distribution at a characterstic length of 10_4 mto 3 x 10_4 m

2g m3,

for ice water contents ranging from 1074 to 10~ The modal
length of the large particle mode tended to increase with fncreasing
ice water content. Their data tend to support the observations of

Hobbs et al. (1975) for the larger ice water contents, i.e. p £ > 10—2

g 2. Griffith et al. (1980) observed a modal length of ~ 2 x 10™% m
corresponding to ice water contents in the range of 0.05 to 0.15 g:ﬁfB
in cirrus aﬁ&il clouds.

Heymsfield (1975a) notes that the ice water content and total ice
crystal number density tend to increase with increasing convective
activity. Furthermore, particle sizes and concentrations were found
to be a function of temperature with sizes decreasing and concentration

increasing with decreasing temperature. To some degree, this may be

the result of size sorting by virtue of the interaction of the dynamics

and particle terminal velocities with the cloud.
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In summary, the observations indicate a predominant bimodal struc-
ture in the particle size distribution function where the character-
istic modal length of the large particlg mode tends to increase with
increasing ice water content. Though there is evidence in the observa-
tions for additional size modes, only bimodal distributions are con-
sidered here. This greatly simplifies the following developments. It
is assumed that the normalized particle size distribution function for

all ice crystals may be partitioned as:
* ¥ ¥
n (ri) = W ns(ri) + (1-w) nL(ri) (3.10.3)
¥ ¥
where W is a positive fraction and ns(ri) and nL(ri) are the normalized
particle size distribution functions corresponding to a small and large
particle size mode, respectively.

It is convenient to define:

I)

g I fe) [om) mte) c - mel (3.20.0)
and
¥ _ 1 I’ * ) . }
v, = X i)il {nk(ri) L) m (e, ) vp(ry) + (1 - W) my(r,) v(r;)]

k

(3.10.5)
for k¥ = S or L. These quantities correspond to a normalized ice water
specific humidity and a normalized effective ice water fall speed, ‘
respectively, for both the small (k=S) and large (k=L) modal normalized

particle size distributions for the assumed partition of particle habit.




Equations (3.10.1)-(3.10.5) may now be combined to yield:

* * ¥
Wo RS + (1-W) 23 QL

(3.10.6)

W x| x

Was o+ (1-W) z;,

Thus, it remains only to specify W in order that the magnitude of v¥ may
be determined for any assumed forms of n;(ri) and ﬁL(ri) given WW.
Heymsfield (1977) gives the following relationship between the
mean characteristic length of ice crystals longer than lO"4 m and the
correspoﬁding observed total ice water content, which was deduced from

observations in numerous types of stratiform ice clouds:

T = 698 + 366 Log(pl) + 122 Log2(p2) + 13,6 Log3(p2) (3.10.7)

3 6

where pf has dimensions g "~ and T has dimensions 10°C m. This rela-
tionship is plotted in Figure 9. Note that this empirical relation
was derived from observations where pl was not less than lO_4 g zn"'k3
However, the behavior of the empirical fit at smaller values of pf is
not unreasonable and is adopted here.

This same parameter may be computed for any assumed particle size

- distribution. Let:

* I' *
Nk = izioo nk(ri) (3.10.8)
and
F = L Iz‘ *(r.) T (3.10.9)
£ N 1100 -
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Figure 9. Empirical relationship between the observed ice water content,
pf, and the mean characteristic length of ice crystals whose
characteristic length is greater than 10-% m (after Heymsfield,
1977).
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* -
for k = S or L. Thus, Nk and Ty are the fraction of the total number ‘

of particles in the small or large particle size distribution with a

4

length greater than 10 ' m and the mean length of those particles,

respectively. In a manner similar to the derivation of Eq. (3.10.6),

¥ - EI
- W Ny Tg + (1-w) Ny T
% N3
W NS + (1-w) NL
which may be rearranged to yield:
¥, — -
N (rL -7)
w o= . (3.10.10)

¥ - = =
Ny (7 - rs) * N (rL -T)

- 3 . *
Thus, given the previous assumptions and empirical relations, v may

be computed as a function of ice water content for any assumed func-
¥ * . *
tional forms of nS(ri) and nL(ri). Note that solutions for v (pf) may

only be obtained when:

g £ T S T (3.10.11)

Following from Deirmendjian (1969) and Mason (1971), a normalized
monomodal;pérticle size distribution function may be represented by a
modified gamma function distribution. Welch et al. (1980) note that a
normalized bi-modal size distribution function may be represented by a
superposition of two modified gamma function distributions correspond-

ing to a large particle mode and a small particle mode. This approach

is adopted here. - Thus,




n;(r - T, exp( - b, T, )
i Ck

where

a -y

bk = (—E- r k
T
1 —(ak 1)/Yk oy +1

and C, = Y. by ( ) (3.10.12)

for k = S or L. Note that ri and rk have dimensions of 10_6 m when

* - -
evaluating nk(ri), which has dimensions (10 6 m interval) l. The
specified modal characteristic crystal length is Ty and o and Y, are

tuneable shape parameters for a distribution. For convenience,

(ak + 1)
Ty

= m 3y

where m is a positive Integery is required such that:

+1)
T (akYk = (m-1)!

A single small particle mode normalized particle size distribution

function was assumed for all the computations reported here. The modal

5]’Il.

length was specified as 10~ The assumed distribution parameters

and the resulting computed parameters are given in Table 3. This func-
*
tion, ns(ri), is plotted in Figure 10. Note that the computations were

made for A = 10_6 m and then summed to the (1.5 x 1072 m in’cer'\ral)_1

shown. The shape of this distribution function agrees reasonably with




rk (um) 10 200 300 500 9
ak 2 2 2 2 5
Yy 0.5 1.5 1.0 0.75 1.5 1.0 0.75 1.5 1.0 0.75 | 1.0

;k (m) 0.126 | 0.264 0.319 0.386 | 0.381 0.462 0.558 | 0.625 0.755 0.911| —
W1l 0.130 | 0.672 0.852 1.049 | 0.869 1.066 1.292 | 1.143 1.380 1.644
v; (m s-l) ww 5 0.069 | 0.586 0.749 0.937 | 0.785 0.972 1.196 | 1.068 1.303 1.571| 0.009

' WW o 0.065 | 0.529 0.645 0.764 | 0.692 0.812 0.944 | 0.906 1.047 1.205

Table 3. Shape parameters (ock and Yk) , Mean large particle characteristic length (:?k) and effective
¥
relative fall speed (vk) for various monomodal particle size distributions with modal

characteristic length E‘k for ice crystals (k = S or L) and liquid water drops (k = 0).

See text for definitions and discussion.
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Normalized ice particle number
density functions. See text for
definition and discussion.
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those observed by Heymsfield (1975a), Varley (1978) and Varley and
Brooks (1978) for the smallest particle sizes.
A number of distributions were tried for the large particle mode.

4

Modal lengths of 2 x ].O_4 m, 3x10 "mand 5 x 10—4 m were used. The

assumed shape parameters and the resulting computed parameters EK and
v;, defined previously, are given in Table 3. The corresponding
normalized particle size distribution functions are plotted in Figure
10. Note that for a given rp and Ors the effect of decreasing Y1, is to
broaden the distribution which increases the magnitude of the computed
values of EL and v;. Also, all things being equal, the more the parti-
cle habit is dominated by bullet rosettes, the larger the computed vz.
The exceptions to this are for the small particle distribution and the
narrowest distribution for T = 2 X 10-4 m., The shape of these large
particle distributions span the range of observations discussed pre-
viously. For example, the shape of the 5 x lO_4 m large particle mode
observed by Heymsfield (1975a) in a cirrus uncinus cloud lies between
the Yy, = 1.0 and Yy, = 1.5 curves for T = 5x lO-4 mand r > 6 x 10_4 m,
4

His distribution is somewhat more peaked right at r = 5 x 10 ' m but
the disagreement is comparable 5 the uncertainty of the observations
themselves.

Computations of v*(pQ) by means of Equations (3.10.6) and
(3.10.10) were performed for each of the assumed n;(ri) functions
utilizing the assumed n:(ri) function and the given empirical relations
for mj(ri), vj(ri) and r(pg) for WW = 0, 0.5 and 1.0. The results are
graphically displayed in Figures 11,12 and 13, respeétively. In addi-
tion to the constraint given by Eq. (3.10.11), the computations were

terminated if W < 0.80 was encountered. This condition was imposed
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Figure 11. Magnitude of the effective ice water terminal velocity'? versus

ice water content, pf, for various particle size distribution
functions assuming all particles are bullet rosettes. See text
for definitions and discussion.
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Figure 12. Same as Figure 11, except assuming an equipartition between col-

ums and bullet rosettes for the ice particle habit.
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based on analysis of the previously noted observations of n(r) and .
determines the maximum value of pf for which a solution may be obtained

for any assumed n;(ri). Note that solutions when rp=3x 10"4 m and

5 x 1074 m for pg < 1074 and 10_2g HTB, respectively, have not been

displayed since the observations indicate that these modes are unlikely

at these values of pQ.

For each assumed large particle distribution, the contribution of

g to 10_4 gnfB.

the large particles dominates v* once pf exceeds 10
Thus, the magnitude of v* increases rapidly at small values of pf and
becomes nearly constant for moderate to large values. This is most
evident for the case where all particles are assumed to be bullet

*
rosettes (WW = 0.0). It is of note that the assumed form of nk(ri) be-

comes much more critical when the particle habit is predominatly bullet

rosettes as compared to columns.

Based on the limited observations available, it seems reasonable
to increase the large particle modal characteristic length and to
broaden the large particle mode size distribution function as pf in-
creases. Somewhat arbitrarily, the circled points in Figures 11,12_and
13 are assumed to be representéjive.- The assﬁmed distribution func-
tions at these values of p% do roughly correspond to the previously
noted observations. They are then connected as in Figure 14 to yield
three basic parameterizations, i.e. WWO, WW5 and WW1 corresponding to
WW = 0, 0.5 and 1.0, respectively. Effectively, T and y are allowed
to increase in a somewhat continuous fashion between the circled points,
where specific solutions are assumed. The scenario assumed here may be

summarized as:

(‘.-\
—
s
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Figure 14. Magnitude of the effective ice water terminal velocity v versus

ice water content, pf, for realistic scenarios describing the
evolution of number density size distribution function. The
curves correspond to a particle habit assumption of all bullet
rosettes (WW0), equipartition of bullet rosettes and columns
(VLI5), all single columns (WW1) and a realistic evolution of
the all columns assumption to the equipartition assumption
(WW15). See text for definition and discussion.
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(1) For pf < 3 x 10~ , only the small particle size mode .

gm
exists.
_6 . -3 _3 . -3 . .
(2) For 3x10 gm~ < pf < 10 “gm °, a large particle size
mode with a modal length of 2 x 10"4 m is also present. This mode
broadens with increasing pf to where at pf = 4 x 10—6g'm—3 0 1077

3 5 3

gm”, 5x10 gm ° and 10_3g;m—3 the normalized particle size dis-
tribution function for the large particle mode is given by Yy, = 1.5,
1.0 and 0.75, respectively.

(3) At larger values of pl, the large particle modal character-—
istic length increases to where at pf = 2 x 10—2g m_3, rp = 3x 1074
and Yi, = 1.0. This is a relatively broad size distribution. By the
time pf = 0.2, the modal characteristic length is 5 x 10_4 m and Y =

1.5.

(4) At even larger values of p%, the large particle size mode

3 3

broadens to where at pf = 0.5gm ~ and 1.0gm

» Yg, T 1.0 and 0.75,

respectively, for the large particle mode at r. = 5 x 10'-4 m.

L
This scenario agrees reasonably with the observations noted pre-
viously. However, recalling the observations of Heymsfield (1977) as
regards the intensity of convecﬁive ~>tivity and the .observed magni-
tude of p? and the numerous observations of the relationship between
the intensity of convective activity and the predominance of particular
particle habits, it seems likely that the WW1l parameterization is most
applicable at relatively small values of p% and that the WW5 or WWO
parameterizations are.nnre appropriate at larger values of pf. Thus,
a fourth parameterization, i.e. WW1l5, is proposed, where for pf <

5, =3 2 -3

5x 107 gm~, the WWL scheme is employed and for p% > 5 x 10 g s

the WW5 scheme is used. Intermediate between these values of- pl, the '




bullet rosette crystal habit beomes inereasingly more common as pf in-
creases. The assumed dependence of v*(pi) in this region is given by
the dashed curve in Figure 14. The WW15 parameterization seems to be
the most reasonable based on the observations.

It should be noted that the assumed total ice crystal number den-
sity N(pf&) corresponding to the above parameterizations is realistic.
Comparison with the limited observations available yields disagree-
ments on the order of one order of magnitude in total particle number
within a cubic meter in most cases. This is comparable to the un-
certainty in the observations themselves.

For model simulations, it is most efficient computationally to
evaluate v*(pﬁ) by means of look-up tables. The advantage of this
method over a more direct technique where v* is evaluated by means of
some functional fit may be seen in that in all cases v* is at least
cubic in Log(p2). Evaluation of logrithms is very inefficient com-

v (p2)

putationally. The tabular representation of for the WW15

parameterization is given in Appendix C. Note that only one signifi-
cant digit of pf is resolved and"v* is specified as the value corre-
sponding to the center of the ph intzrval, Given the uncertainties
and approximations-involved in develbping the parameterization, this
resolution is deemed adequate.

Based on analyses of the results of Heymsfield's (1972) computa-
tions of the terminal velocity of ice crystals and the measurements of
Beard and Pruppacher (1969) for the terminal velocity of liquid water
drops in various ambient environments, a correction for variations in
the ambient pressure and temperature which yields good agreement with

their results for typical atmospheric conditions is given by:
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where p is the ambient pressure and Prof is the ambient pressure to
which their observations or computations pertain. This correction
yields better agreement than the (pref./p)l/2 correction factor they
propose. Noting Equations (3.10.5) and (3.10.6), this correction may
be applied difectly to v*. Yor the parameterizations developed here,
Pref = 40 kPa. The ambient pressure and density are approximated as
the basic state values. Thus,

% [ xpa ¥ (3.10.14)

L. :
1+‘/2,k+‘/2)

fori=121 2, ..., I-2, I-1 and k =1, 2, ..., k-2, k-1, which denote

is determined from the

. . *
the grid location, where P (pok Qi+%,k+%)

+13
table given in Appendix C. Note that since the basic state pressure

is employed for the pressure correction, the correction factor need
only be computed once for each.éfid level. Note that the downward dir-
ection of v* is accounted for Ej the ninus sign in Equation(3.10.14)).
Mason (1971) provides a summary of observations by various authors
of the microphysical properties of liquid phase stratiform clouds at
mid-tropospheric levels. The observations indicate that these cloud
forms have predominantly monomodal drop size distributions and are
composed almost excluéively of relatively small drops. The observed
distributions are well reproduced by the shape parameters given in
Table 3, i.e. k = 0. Beard and Pruppacher (1969) give mass and ter-

minal velocity relationships for water drops as a function of




characteristic drop diameter for an ambient air pressure of 50 kPa and
a temperature of -8°C. These allow the computation of ther?z corres-
ponding to normalized drop size distribution function defined by the
shape parameters given in Table 3. The resulting v: is given in Table
3. This value, corrected for ambient pressure as for the WW15 ice
phase parameterization and multiplied by minus one, is employed for

liquid phase simulations.

3.11 Determination of Radiative Heating Rates

This section describes the manner of specifying the radiative
heating rates, QR, at all thermodynamic grid points at a given time
step n. These heating rates are incorporated in the model as described
in Section (3.7).

The radiative heating rates are partitioned into two components.
These are the infrared component, QIR, and the shortwave or solar,

Qsw, component,'which Pertain to radiative processes acting in the
spectral intervals of 3.0 um to 50 um and 0.3 um to 3.0 ym, respec-
tively. Two radiative transfer @odels are utilized for some of the
computations. These are, heieéfter ?eferred to as IRADIR and IRADSW
and pertain to the infrared andhshortwave spectral regions, respec-
tively. These models are briefly described below.

IRADIR is a broadband, infrared, flux emittance radiative transfer
model and closely corresponds to that reported by Cox (1973). The
radiative transfer equation is solved in finite difference form at the
vertical resolution of the input data assuming a horizontally homo-

geneous atmosphere and isotropic diffuse fluxes. Isothermal conditions

are assumed for each atmospheric layer resolved by the input data at




the linearly interpolated mid-point temperature. Perfect Plankian
emission from the earth's surface is, also, assumed. The model accounts
for the contributions due to gaseous absorption by the 6.3 ym, con-
tinuum and rétational water vapor absorption bands; the carbon dioxide
absorption bands (including primarily the 14.7 um band); and the 9.6 um
ozone absorption band. A correction for the overlap of the rotational
water vapor band and the carbon dioxide bands is applied. The effect
of pressure and temperature broadening of an absorption band is taken
into account in parametric fashion. The parametric formulation as well
as the sources of t@e gaseous emittance data for each band considered
are given in Cox, et al. (1976).

The input data for IRADIR are the atmospheric vertical profiles
of pressure, temperature, water vapor specific humidity, carbon dioxide
mixing ratio and ozone concéntration. These profiles must include both
the regions above and below the vertical domain of interest here (in-
cluding surface values). Within the domain of interest, the input data
are specified at all dynamic grid levels such that the computed flux
convergence profiles are well defined for the thermodynamic grid levels.
In addition, a cloud layer may'Ef de’ned. For the IRADIR model, clouds
are assumed to act as grey body absofbers/emitters, i.e. no spectral
dependence. Both an upward e*(+) and a downward e*(+) bulk effective
broadband infrared cloud emittance are specified as input data, in
addition, to the cloud top and base levels. A correction for the over-
lap of the gaseous absorption bands and cloud absorption for the cloud
layer is applied as in Griffith, et al. (1980). Note that for the
computations performed here with the IRADIR model, the in-cloud flux

profiles are computed as in Griffith, et al. (1980) such that the




effective radiating level is not the cloud boundary level. This is not
particularly significant in terms of the heating rates actually employ-
ed in the model.

The IRADSW model is a simplified, broadband shortwave, flux trans-
mittance radiative transfer model and closely corresponds to that re-
ported by Manabe and Strickler (1964) and Manabe and Wetherald (1967).
The model assumes a horizontally homogeneous atmosphere and considers
the contributions due to gaseous absorption by water vapor, carbon
dioxide and ozone. The absorptance data are taken from Manabe and
Strickler (1964) and include a pressure broadening correction. Overlap
of the absorbing bands is ignored. A conservative Rayleigh scattering
parameterization is included. The solar constant is specified as 1372
W mfz and is corrected for sun-earth geometry. Atmospheric vertical
profiles of temperature, etc. must be specified as for ?he IRADIR
model. In addition, the date and solar zenith angle,CL, must, also, be
specified as input data. The surface shortwave albedo is specified as
Zero sihce at typical cirriform cloud levels the absorption of solar
radiation reflected from the earth's surface is negligible. A cloud

layer may, also, be defined whéfe IZ 2SW is applied to compute the up-

ward flux profiles above cloud top due to reflection of downward short-

wave radiation by the cloud layer. In addition to the cloud top level,
the bulk, broadband cloud shortwave reflectance must be specified. For
the IRADSW model, clouds are assumed to act as "grey" body reflectors,

where the reflected shortwave fluxes are assumed diffuse and isotropic.

For the computation of the gaseous optical paths, the cloud top level

is regarded as a mirrored surface.




In the parameterization developed here, the effects due to the
perfurbations of temperature, pressure and water vapor mixing ratio
from their basic state values are ignored. Errors due to this assump-
tion for typical perturbations simulated here are relatively small,
(Starr, 1976). In addition, the determination of the QSW profile for
any grid column is assumed independent of the determination in the adja-
cent colums. This is done since the azimuthal orientation of the grid
plane relative to the sun's position is unknown. In effect, a grid
column is assumed representative of conditions along the solar azimuth.
Furthermore, effects due to the finite geometry of cloud elements (e.g.
Welch et al. 1980 and Davis, et al. 1978) are ignored for both the in-
frared and shortwave schemes.

The output of the IRADIR and IRADSW models are the upward and

downward irradiance profiles at the vertical resolution of the input
data. The corresponding atmospheric radiative heating rates for a

layer may be determined as:

QR = QIR + Q8w (3.11.1)

where

f(ae) + m(4)) = () + (4D

= £ )
QIR 5 (5, = oy (3.11.2)

H is the infrared flux in the upward (4) or downward (+¥) directions at

the top T or base B of the layer,

e = asntt) . qent) (3.11.3)
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Qs - e, (pg - pp) (3.11.4)
(+) +)

oswtt) - _g_'{IB I } , (3.11.5)

I is the shortwave flux in the direction and at the level indicated,
and p is the pressure at the top or base of the layer. The pressure
values are always specified as the basic state values. Note that the
heating due to absorption of solar energy is partitioned into that
resulting from absorption of downward and upward propagating fluxes.
QSW(+) is neglected except for the layers above cloud top, when a
cloud is diagnosed in a particular grid column.

The pérametric scheme described in the next sub-sections allows
the determination of QIR, QSH'Y) and qsw{*) at every thermodynamic
grid point (i.e. (i+5,k+s) for i =1, 2, ..., I-2, I-1l and k = 1, 2,
“.., K-2, K-1) and a given time step m.

A cloud is diagnosed in the i+% thermodynamic grid column if:

. ' 0
i+, k+s ?

for k =1, 2, ..., K-2, or K-1. The grid level corresponding to cloud

top level is diagnosed as:

KT, = k! ' (3.11.6)




where

and
21"'1/2; k+; 0

for k = k', k'+1, ..., K-2, K-1. Similarly, the cloud base grid level

is diagnosed as:

KBi+1/2 = k! (3.11.7)
where

'Q'i+1/2,k+1/ 7 0
and

2 = 0

fork =1, 2, ..., k'-2, k'-1.

n
SOL

be determined at time step n. The local sun time is specified as:

The solar zenith anglerﬂ? and the local sun time t must also

n _".o0
toor © tgor, * DAt (3.11.8)

where tsgL is the externally specified solar time corresponding to the
initiation of a simulation and At is the time step increment. The hour
angle of the sun may be computed as:

= op 0.5-tsgL (3.11.9)




where thL is expressed as the fraction of a day past loecal midnight.
No distinction between morning and afternoon is necessary for the pur-
poses here. The specification of the simulation latitude, ¢, allows

the computation of the solar zenith angle at time step n as:

‘.0n = cos ~{sin¢ sinS§ + cosd cosS cos hn} (3.11.10)

s

where the solar declination, §, is approximated as:

§ & - 0.1306 T cos (%%%-(JD +9)) (3.11.11)

for a given Julian day number (day of year), JD. The sunrise time of

a simulation for a given Julian day and latitude is given by:

SR = 0.5 = 1 ) cos_l {—sin¢ siné}

m cosd cosé (3.11.12)

where SR is expressed as the fraction of one day past local midnight.

Now, if:
n
bgor, € SR
_ _ 0
or tgor, * 1 - SR
then: ' 9% = 90°
and QSW = 0. (3.11.13)
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The next sub-section describes the mammer of diagnosing the bulk
radiative properties of a cloud layer which is diagnosed in a given
grid column at time step n. The parameterization is highly empirical.
The infrared radiative properties are e*(+) and s*(¢), which will be
defined in the following sub-section. The bulk shortwave properties are

the broadband shortwave reflectance, transmittance and absorptance de-

fined as:
() (+)
I KTi+1/ ! KB3'_+1/
p_ . = 7W——2 3 'tS = '—(-rr—z (3.11.14)
S+l I i+y I
KT1+> KTi+»
2 2
and a = 1-op. - 1, s
si+% si+1/2 Si+%

respectively. The succeeding two sub-sections describe the scheme 1o
determine QIR and QSW, respectively. It i1s of note that the radiative
heating rates in the model domain are modulated primarily by the diag-
nosis of cloud and its correquhaing radiative properties. These
determinations are made for eve;v gridi column. A diurnal cycle is
taken into account.and, thus, is a séCondary modulator of the diagnosed
radiative heating rates. The determinations of the radiative heating
rates in cloudy‘columns are not only sensitive to the diagnosis of the
bulk cloud radiative properties and the diurnal cycle but also to the

vertical distribution of ice water in that column.

a2




3.11.a. Parameterization of the Bulk Radiative Properties
of Cloud Layers

A general relationship between the vertically integrated ice wai -.
content (TW§3 of a cloud layer and the corresponding broadband infrar:d
emittance (&) and reflectance (pIR) of that cloud layer is desired.
That such a relationship exists for natural cirriform clouds is un-
certain. Most theoretical work in this area has concentrated on de-
ducing the functional relationship between cloud optical depth and th:
corresponding € and 1R for various model clouds. The optical depth
of a cloud layer is related to the fW?hthrough the extinction coeffi-
cient which in turn is determined by the microphysical characteristic.:
of the cloud. It is fundamentally the relationship between ice water
content and the corresponding microphysical characteristics of natura
cirriform clouds which is unknown. However, as discussed in Section
(3.10), observations indicate that some general relationship between
the ice water content and the corresponding microphysical character-
istics does exist for natural cirriform clouds. Thus, it is likely
that some general relationship between € and PIR and the‘EWE may exist.
The approach adopted'here is té;develpp such a relationship, which is
based on direct observations. |

Following from Cox (1976), Stephens (1980) and others, the bulk-
infrared radiative properties of a cloud layer may be described by tvo>
effective broadband infrared emittances, €*(+) and e*(+), which perteirn
to the upward and downward propagating fluxes, respectively. These
parameters account for effects due to both the broadband infrared
emlttance and reflectance of.the cloud. The utility of this approack

is that these parameters may be readily deduced from observations of

1%




the infrared fluxes, without distinguishing between the transmitted/ ‘

emitted and reflected components. They are defined as:

-

% _ HKB(+) - HKT(+)
e (+) 7
Hep(*) - 0Tyq

and - {3.11.15)

) B (4) - He(4)

e (V). A
0Ty - Hyp(¥) =

- -

i

where ¢ is the Stephan-Boltzmann constant; H is the broadband infrared
flux propagating in the upward (4) or downward (¥) direction at cloud

top (KT) or cloud base (KB) and T is the temperature of the level in-

dicated. :

Assuming uniform microphysical conditions in the cloud la¥yer, the

effective emittances are related to the emittance as: <
kL (6 - ()
e (+) =2 e +p
IRt S H (1)
KT KB
and .
e*(+) e - prp (HKB(+) " HKT(+))

(oTKB4 - He(4))

L

where cloud top and cloud base temperature are assumed representative
of the true effective radiative temperature of the emergent em%tted

fluxes at the respective cloud boundaries.
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Yaﬁamoto, et al. (1970) and Stephens (1980) have shown that Prg 1s
a relatively small quantity, i.e. v 0.03 to 0.06 for cirriform clouds.
However, the resultant effect on the infrared radiative divergence of a
cloud layer may be substantial due to the magnitude (compared to oT4
(cloud)) and spectral composition of the incident fluxes which may
alter both P1R and gewhen considering fluxes propagating in a given
direction. Thus, the differences between e*(+) and e*(+) and € are
significant in terms of the radiative heating rate, which is the pri-
mary concern here.

Following from Paltridge (1974), Griffith, et al. (1980) and
others, infrared radiative flux profiles in cirriform cloud layers may
be represented by the corresponding effective emittance profiles for
the upward or downward (4 .or +) propagating fluxes as:

—

e (z) (4,4) = 1 - exp (- B(+,+) TWR(z) (4,+))

where
( Zyeps Z)

f Co(z') Wz') da

(Z’FEB)

R(2) (4,4)

m

and B(+) and B(¥) are effective mass absorption coefficients for the
upward and downward propagating infrared fluxes. Thus, the bulk cloud

layer effective emittances are:

e'(+) = 1 - exp (- 8(+) TWP)
and e (+) = 1-exp (- 8(+) TWP) (3.11.16)

1%




where
ZgT
Jf o(z') 2(2') dz'.

B

3

Theoretically, a mass absorption coefficient can be expressed as the
ratio of the absorption cross section to the ice water content of the
corresponding particle size distribution (Paltridge, 1974). Thus,
B(+) and B(+) may be expected to have a vertical dependence based on
the vertical structure of ice water content and particle size distribu-
tions. However, Griffith, et al. (1980) and Paltridge and Platt (1980)
have shown that observations of infrared radiative flux profiles in
cirrus cloud layers may be accurately reproduced by a proper choice of
effective mass absorption coefficients, which are independent of height.
The simplicity of this approach and its apparent representativeness of
conditions in natural cirriform clouds are ideal for development of a
parametric scheme. Thus, it is assumed here that B(+) and B(}) are
independent of location within a cloud.

Paltridge and Platt (1980) reported that a value of B = 0.056
m2 g_l reproduces their observations .7 infrared radiative flux pro-
files in cirrostratus cloud layers. No distinction between B(4) and
B(+) was attempted. The observations were made at 35°N latitude in
March and included microphysical parameters as well as the radiative
fluxes. The scatter qf the data is significant. An envelope of B =
0.03 to 0.07 m?g-l encompasses the observations. Part of this scatter
may be attributed to sampling problems associated with horizontal in-

homogeneities in the cloud layers. It is of note that the deduced

values of B are highly sensitive to the reduction of the microphysical




data. There are a number of uncertainties in the interpretation of

the data for the particle size ranges sampled and more significantly in
the manner of estimating, by means of extrapolation, the contribution
of larger ice particles to the total ice water content (Griffith, et al.
1980). Using very similar instrumentation and data reduction proce-
dures, Griffith,.et al. (1980) found that a mean value of B(¥) = 0.06
m g_l accurately reproduced their observed downward infrared radiative
flux profiles in tropical cirriform clouds. Note that a correction for
gaseous absorption was applied to the data and, thus, the bulk value of
B(¥), as in Paltridge and Platt (1980), should be slightly larger than
this value. Agaih, significant scatter of the data was observed. They
note that this estimate of B(¥) may be as much as 40% too small de-
pending on the manner of estimatiné the corresponding ice water content.
However, based on the observations of large particle size distributions
discussed in Section 3.10, the method employed by Paltridge and Platt
(1980) and Griffith, et al. (1980) to deduce the above values is very
reasonable.

Gfiffith, et al. (1980) ﬁgté‘that the relative vertical distribu-
tion of radiative heating, is lé;s cansitive to the choice of B(4) and
B(+) than the flux profiles themselvés. However, the net infrared
radiative heating of the cloud layer is sensitive to the difference
B(4) - B(+). Stephens (1980) notes that the difference (e*(+) -€)
and, thus, B(+) is relatively insensitive to reasonable seasonal and
geographic variations in the radiative environment of high level clouds.
Given these facts and the relatively good agreement of the observa-

tions, a value of B(4) = 0.050 ng-l is assumed here. The rationale

for choosing a seemingly small value of B(4) will become more clear in




the following. The value of B(¥) is determined from:

B(Y) = Ry B(4) (3.11.17)

where the manner of specifying RB is considered below.

Cox (1976) gives observed mean values of e*(+) and e*(+) as func-
tions of cloud pressure for mid-latitude and tropical regions, which
were deduced from numerous nighttime radiometersonde flights in all
seasons. Assuming that some mean non-vapor phase water path may be
associated with the pair e*(+) and e*(+) observed in the mean for
clouds at a particular pressure level, these data allow the computa-

tion of the mean ratio
Rg = 8(Y) / B(4)
by means of Equation (3.11.16) as a function of pressure for each re-

. : % ¥
gion. In Table 4, Cox's reported mean values of € (¥+) and € (4) and

the deduced values of RB are givén as functions of cloud pressure.

J

The magnitude of the ratio 3, iz indicative of the relative impor-

2

T

tance of the reflection of incident infrared radiation at cloud top

and at cloud base in determining the difference between e*(+) and e*(+).
Ignoring differences in the spectral distribution of radiant energy
between the incident fluxes at cloud top and cloud base and assuming
that the cloud microphysical properties are vertically homogeneous,
values of RB greater than unity may be loosely interbreted as corre-
sponding to the situation where the incident upward flux at cloud base

is larger in magnitude than the incident downward flux at cloud top.
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Mid-latitude Tropical
Pressure e*(+) e*(+) R.B e*(+) e*(+) RB

(kPa) |

15 0.27 0.17 1.69
25 0.47 0.35 1.47
35 0.45 0.41 1.13 0.84 0.61 1.95
45 0.64 0.55 1.28 0.68 0.54 1.47
55 0.64 0.53 1.35 0.81 0.59 1.86
65 0.57 0.50 1.22 0.69 0.61 1.24
75 0.48 0.43 1.16 0.63 0.60 1.09
85 0.54 0.54 1.00 0.69 0.69 1.00
95 0.48 0.56 0.80 0.62 0.67 0.87

Table 4. Observed mean upward and downward broadband infrared
effective emittances for clouds occurring in the 10
kPa thick layer centered on the indicated pressure
level (after Cox, 1976) and the corresponding ratio
of the mass absorption coefficients (see text for
definitions and discussion).
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Thus, the observed mean values of R8 for clouds in the middle and upper
troposphere simply verify that the incident upward flux, which is domi-
nated by the contribution from the relatively warm underlying surface,
is larger than the incident downward flux, which has originated in the
relatively cold atmosphere above. Similarly, since the observed mean
values of RB are larger at nearly every level for the tropics when com-
pared to the mid-latitudes, it may be concluded that the differences are
due more to differences in the mean annual nighttime surface temperature
of these regions than to any differences in the temperature of the over-
lying atmosphere. The observed mean values of RB in the lower tropos-
phere, which are less than unity, may be due to a number of factors.

The effective radiating temperature of the overlying atmosphere is much
~greater for low level clouds when compared to high level clouds. Also,
low level clouds may tend to be associated with cooler surface tempera-
tures, i.e. cola air masses, when compared to upper level clouds. This
is probably most true for the mean annual mid-latitude case. It is,
also, possible that low level clouds frequently exist under relatively
warm middle level clouds. Stephens (1978) computed a theoretical value
of RB of ~ 1.22 corresponding fé the ~ase of a low level cloud existing
in the U.S. Standard Atmosphere. This supports the latter two explana-
tilons of the observed smallness of RB in the mean for low level clouds
in the mid-latitude region.

Since the theory (Stephens, 1980) and the observations indicate
that RB is very dependent on surface temperature, both annual and
diurnal cyecles of R8 may be required. However, since both the annual
and diurnal cycles of surface temperature are relatively small in

amplitude for tropical regions, RB would not significantly vary either




seasonally or diurnally in these regions. Thus, the observed mean
annual nighttime values deduced from the data of Cox (1976) are probably
very representati#e of all seasons and times of day. The substantial
vertical variation of observed mean values of RB for middle and high
level clouds in tropical regions may be mostly due to biases in the
data set toward situations where relatively cold (compared to the sur-
face) underlying cloud layers tended to be present when upper level
clouds were sampled at some levels, i.e. the levels where R8 is ob-
served to be small. Thus, RB = 2 ig likely to be representative of
high level clouds in tropical regions when no underlying clouds are
present. For mean cloud conditions, a value of RB ~ 1.6 is appropriate
for cloud layers above 50 kPa.

For cloud layers at pressures less than 50 kPa, a vertically aver-
aged value of R6 = 1.2 is very representative of mean nighttime condi-
tions at any of these levels in the mid-latitudes. This value is most
representative of spring/fall conditions. Rather arbitrarily, a value
of 1.4 and 1.0 are assumed to be representative of summer and winter
nighttime conditions, respectively. These choices seem reasonable for
mean seasonal conditions given the comparison to the tropical case.
During the daytime, RB would increase to some maximum aftefnoon value

due to the diurnal cycle of surface temperature. It is assumed that

the cycle may be described by a cosine response where the peak value

of RB occurs at 1400 hr local solar time. The proposed maximum daytime
values are 1.2, 1.4 and 1.8 for the winter, spring/fall and summer sea-
sons, respectively, in the mid-latitudes.

In summary, based on the limited climatological data available

and noting that the model here does not carry surface temperature as a

;o




prognostic or diagnostic variable, a reasonable parameterization of .
RB’ which should correspond fairly well to the mean radiative environ-

ment of upper level clouds is assumed. Thus,

n

RB(min_) ) » SR 2 tggr %8S
RB(tSOL) = (3.11.18)
n
RB(max) cos (SA) , SS > tSOL > SR
Where
n
t - SR
sA = -’21[1 -{ SOL }]
t, - SR
B
n
for SR < t50r, S tB;
n
and sp = T _S____S ) tSOL
T 2)SS5 - 1%
B
n
for tB < tSOL < SS,
where SS = 1 - SR,
‘tB = 0.583 »

tégL is the local solar time, and Rs(min) and RB(maX) are specified as
in Table 5. Note that SR, SS, tB and thL are all expressed as the
fraction of a day past midnight local time. It should be noted that
the mid—latitudé scheme is most representative of continental condi-
tions and the tropical scheme is more representative of oceanic condi-
tions.

A general relationship between the bulk broadband shortwave re-

flectance (ps), absorptance (aS) and transmittance (tS) and the IWP of

a cloud layer is desired. For the same reasons as discussed above,




Mid-latitude Rg (min)  B(¥) Rq (max)  B(¥)
winter 1.0 0.05 1.2 0.06
spring/fall 1.2 0.06 1.4 0.07
summer 1.4 0.07 1.8 0.09
tropical 1.6 0.08 - -

Table 5. Specified values of the R, parameter and the
corresponding downward mass absorption co-
efficients B(¥) in m? g-1 for B(4) = 0.05
m? gL,




such a relationship may exist. The approach adopted here is to propose ‘
such a relationship based on theory and observations. It is highly
empirical.

Reynolds and Vonder Haar (1977) have deduced an empirical relation
between the visible albedo (pv) and the effective upward infrared emit-
tance in the atmospheric window spectral region (E;(f)) for cirriform
clouds based on analysis of satellite data and other observational and
theoretical studies (e.g. Shenk and Curran (1973), Hunt (1973), and
Liou (1973, 1974 ). Note that anisotropic effects were taken into
account in their study. Their results are shown in Figure 15a. This
relation is well represented by:

2
pv(zﬂ=6o°) = 0.505 ev’:(ﬂ + 0.095 e:;(ﬂ

Now, e:(+) is generally about 6% smaller than s*(+) due to the
spectral distribution of the emitted infrared fluxes at typical tropo-
spheric temperatures (Stephens, 1980). However, the ei(%) deduced by
Reynolds and Vonder Haar is likely to be N 6% larger than the actual
vertical e;(+) due to the satellite viewing angles employed.. Thus, it
is assumed here that e*(+) may be substituted for ei(%) in the above
expression. Welch et al. (1980) present data on the spectral distribu-
tion of reflected shortwave radiant energy for various model cirriform
clouds based on detailed Mie calculations and Monte Carlo simulations.
For their most realistic model clouds (i.e. C.5 bullets and C.5

colums )

pg / P, = 0.91
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Figure 15b. IFmpirical relationship Letween Lhe effeclive

upward broadband infrared cloud emittance e*(4)
and the broadband shortwave reflectance p. at

a solar zenith angle of 60° adopted for tﬁis
study. See text for definition and discussion.
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where Pg = 0.61 and ag = 0.14 for 19 = 0°. Since the reflection of
visible radiation and the absorptibn and reflection of near infrared
shortwave radiation are both determined to a large extent by the number
of in-cloud scatters, which occur in the respective spectral regions,
it is assumed that this ratio is representative for all Ps and J.

Thus,

2
pg (9 = 60°) = 0.557 & (4) + 0.105 & (4) (3.11.19)

is employed here. This relation is plotted in Figure 15b.
The broadband bulk shortwave reflectance of a given cloud is a
function of solar zenith angle. Following from Stephens (1978), this

functional dependence of pg On + varies slightly depending on the magni-

tude of ps('f%) as a function of cloud optical depth for low level liquid
water clouds, (Figure 16éa). For a given ps(t?’ =60°) determined as above
for a cirriform cloud, the zenith angle dependence of Pg is assumed to
be the same as in Stephens (1978) for a liquid water cloud of the same
pS(z9=6O°). The following formqlzi reproduces his results quite well for

most values of 98(1_9=6O °) and 9: .

pg(9) (0.161 + 0.117 x 107+ & (3.11.20)

+

2
0.386 x 1074 & ) pg(9#=60°)
2

+

(0.914 - 0.152 x 107" 9) pg(#=60°)

where o is in degrees. This fit underestimates his values of ps(ﬂ)

by about 0.05 to 0.10 at & = 80° given ps(0>"=0°). In support of the .
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Figure 16. Broadband cloud shortwave reflectance p
(a) and absorptance a. (b) as a function of liquid
water path and solar zenith angle for a liquid phase
model cloud determined theoretically by Stephens

. (1978). For the purposes here, the water path units
on the ordinate may be regarded as arbitrary.
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assumption qf the representativeness of this scheme for ire clouds,

the scheme was applied to the results of Platt et al: (L9~ .
simultaneous observations of E;(+) and pv09=35°) dedread from -catelil<e
data were reported for cirriform clouds. Equation (;.11.19) was
applied to their observed values of E:(+) to compute ov(ﬁn$0°) Lid
Equation (3.11.20) was then used to compute pVG9=35%j. The agreemant
was nearly perfect.

Observations of ag are most difficult and, thus. .- heesn
widely reported in the literature. The primary probl ¥ T
observations is that the finite character of natural
significant quantities of shortwave energy escaping c.: wne - . of
a cloud (Davis et al. 1978). This leads to problems v intveio
direct observations and may be largely responsible fcr sor-
rather large values of ag which have been reported (e
1975). Twoomey (1976) notes that the absorption of s oriucw: = " -+
energy in a cloud has a theoretical limit of n 20% gi.2n the <roco
distribution of the incident flux.

Paltridge and Platt (1980) have reported concurreri useaswic n..iTs
oprs and ag for cirrostratus giguds.' Much care was takasn to ool
very horizontally uniform clouds. The measurements verc znde ot

* -
solar zenith angle of 35°. They, also, measured € . .o sing =

PERRNSE B & L

i)

e*(+) and transforming the observed ps(ﬁ=35°) to ps(§;60°} b an
(3.11.20), yielded very good agreement with the prope "i reintioi iy
between 8*(+) and pSG)=6O°). The disagreements were . i~ - .. order
as the scatter of the data originally reported by Reynolds

Vonder Haar (1977). In Figure 17, the concurrently me -uzee - oo of

ag and ps(0=35°) are depicted along with error bars r:mrescoil.y :

(0%
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Figure 17. FPFmpirical relationship between broadband chortwave

cloud reflectance p, and absorptance a. at a solar
zenith angle of 35°7adopted for this study. Data
points are from Paltridge and Platt (1980), where
the estimated uncertainty of these observations is
indicated. See text for definition and discussion.
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estimate of the uncertainty. A simple linear fit reproduces their

observations quite well and is given by:
ag(#=35°) = 0.283 pgW=35°) . (3.11.21)

N6ting that Equations (3.11.19) and (3.11.20) lead to a maximum value
of ps(0=35°) = 0.66 in the case of e*(+) = 1.0, a corresponding maximum
value of aS(Q=35°) = 0.19 results. This is a reasonable value. The
author notes that this relationship (i.e. Equation 3.11.21) is probably
the most tenuous and least well documented of all the empirical rela-
tionships invoked in this section. However, is is employed in lieu of
better information.

In a mamner similar to that employed to deduce ps<5> given
pSG9=6O°), the results of Stephens (1978) (see Figure 14b)are utilized
to deduce as(b) given as(é=35°). It is of note that the results of
Stephens (1978) agree quite well with the results of Davis et al.
(1978) in terms of the ¢ dependence of ag for a similar situation.

The resulting fit is given by:

as(o) (1.01 aS(ﬂ=35°) + 0.716 as(o=35°)2) (3.11.22)

+ -

(=0.246 x 1072 ag(8=35°) + 0.765 x 1072 as(ﬁ=35°)2)ﬁ

0.493 x 1077 ag(0=35°)7 9%

This formulation produces slightly higher values of aS(Jﬁ compared to
the results of Stephens (1978) for > 80° given asﬁ}=o°). Mso, the

values of as(gﬁ are slightly low (v 5%) for small values of aé@9=35°).




Given the uncertainties already present, this formulation should be
sufficient for the purposes here.
The value of the bulk broadband shortwave transmittance of the

cloud layer may then be specified as:

t5(3) = 1 -pg(s) - ag(#) . (3.11.23)

To review the parameterization scheme developed here to deduce
the bulk radiative properties of cirriform cloud layers, the logical
sequence of determinations is depicted in the flow diagram given in
Figure 18. The relevant equations are noted where appropriate.

. . . * * n
This scheme allows the determination of € (+)i+%’ € (+)i+%’ ps(ﬂ-)i+%,

n n . n Emped .
aSG} )]._+1/2 and tSGF >i+g glvenzﬁ .and IWPi+% computed as:

d. (3.11.24)

fori=1, 2, ..., I-2, I-1 at “ime Ziep n.

3.11.b." Determination of Infrared -Radiative Heating Rates

Prior to the initiation of a simulation, the IRADIR model is
applied to the basic state vertical profiles of pressure, temperature,
water vapor, carbon dioxide and ozone, as noted previously. This
allows the specification of QIR°k+% fork =1, 2, ..., K~-2, K-1; which

is the basic state clear sky vertical infrared radiative heating rate

profile. This heating rate profile is applied in every clear column
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Figure 18. Flow diagram depicting the logical sequence of determinations for computing the bulk
radiative properties of a cloud layer in a given grid column i+). The relevant
equations are as noted. See text for discussion.




which is diagnosed at a given time, i.e.

AN}
L
!_I

QIRi+%,k+% = QIRoﬁ

=0 for k=1, 2, .... X-2,

for k =1, 2, ..., K-2, K-1 when Zi+%,k+%
Cox (1981, personal communication) and: +his author (Starr, 1976)
have observed that the infrared radiative hr:ating rates cemputaed by

IRADIR for atmospheric layers above cloud tci =--

£ osderd
very nearly linear functions of the specifie
cloud emittances in the upward and downward direciions, TeEpactively,
for a given basic state. This suggests a very convenicnt motiod ~f
specifying the heating rates in these layers. when a 2l :ud
in a columm.

At the same time as the computation of *ha QIR S

N

IRADIR model is applied to the basic state p=nfiles with a randiatively

¥ %, A
black (i.e. € (+) = € (¥) = 1.0) cloud speei . . itk eloud tp &tz

and cloud base at Zyegt - The KT' "and KB' gri - . :cl:z ars misselected to

correspond to the expected locaiion o eloud ton =i 2loud Basc,  The

resulting infrared heafing rate profiles are Jewntioo L Lo
k=1, 2, ..., KB' = 2, KB' = 1 and k = KT', 7' ~ :, ..  .wZ, ki

Employing the fact that the heating rates i1 -hsce Tarer- v he zeot.
ately approximated as linear functions of tt. srresriioing - ©4) and

¥ : . .
e (4), respectively, allows the specificatic.. ¥ <itg s lraved vaidictivae

heating rates in the clear portion of cloudy - - Y




*
IR, = IR + e (), IR - QIR
W = oy, 78 i {Q g °k+‘/z}

fork=1, 2, ..., KB,

i+s

-2, KBi+%—l (3.11.26a)

and
*
IR. = IR +e (1), IR - IR
Q i+s, ks Q Opat, ( )l"'l/z {Q Cpr 4, Q ok+1/2}
(3.11.26b)
for k = KT, ,p, KI; 541, ..., K-2, K-1
where 2i+%,k+% # O for some k and where I{B:.H_l/2 and KTi+% are the

corresponding diagnosed cloud base and cloud top grid levels, respec-
¥ ¥

tively; and € (+)i+,/2 and € (+)]._+1/2 are the diagnosed bulk effective

dovnward and upward infrared emittances of the cloud layer in that

colum, respectively. Note that:

{ 1 , whichever is greater
k' =

k - (KB, ,; - KB')

in Equation (3.1126a) and

{ K - , whichever is less
U

k - (KTi+1/2 - KT")

in Equation (3.11.26b).

Thus, the heatiﬁg rates above and below the cloud boundaries are ad-
justed assuming that the response to the presence of a locally defined
cloud layer relative to its boundaries is the same as relative to the
boundaries of the pre-defined expected cloud layer.k This is a very

good assumption.




For the cloud filled portion of a diagnosed cloudy column (i.e.
K, <k« KT1+L>’ an explicit, though crude, radiative transfer com-
i+ks 2
putation is made. When the IRADIR model is used to compute the QIRo

profile, corresponding vertical profiles of effective gaseous infrared

emittances are also computed as:

H(4), - H(4)

* - k+1
e (+) =
g k¥ oy (#), -0 T 4
ol o] ks
and (3.11.27)
) - Ho(+)k ~ Ho(+)k+l
g k¥

Z
o} To - Ho(+)

k+1
k+is |

where Ho is the upward (4) or downward (+) infrared flux at the in-
dicated level computed by model IRADIR for the clear sky basic state
profiles and To is the basic state temperature at the subscripted
level.

Recalling that the bulk ipfrared effective emittances of the
cloud may be consistently partiﬁioned such that the corresponding in-
cloud vertical flux profiles may be generated (Griffith g}_gi.,il980),
both upward and downward effective vertical cloud emittance profiles

are computed as:

ol )iy payy, = 1 - ex(= BH) TWR; 4 0)

and (3.11.28)
€C(+)l+l/2:k+l = 1- exp(— B(‘I’) pri+1/2,k+;i)

fOI‘ k = KBi+1/’ i+L§+l, e ey KTi+1/2—2’ KTiq_li-l;




when £, 345, ks # 0 for some k, where

d . (3.11.29)
A simple correction for the overlap of the gaseous and cloud con-

tribution to the total effective emittance profiles is applied follow-

ing Griffith et al., (1980) as:

1}

* *
ET(+)i+l/2,k+l/z l - (1 - € (+)l+/ k‘*‘l ) (l - gg(+)k+l/2)

and (3.11.30)

ex(F )i gy, = 1= (1 - en(d); 1 - eg(+)

i+, k+1/) ( k+1/2)

for k¥ = KB e

. KB. .
iHs? iy ’

KTy ,3-2, KT, ,-1.

The in-cloud vertical flux profiles are then computed as:

H(+), = (1 - eq(t), ) HWi%k +en(t) .y, O T

i+5,k+1 i+, k+5 1+5,k+s o

1
k+s

and (3.11.31)

4

Oy 41,

H(+)1+1 k = ( - € (+)l+l/ k+l ) H(+)l+1/ k+l T(‘lf) +1> g T

i+, k

Lo KTypm2 ooy KBy, +1, KB, )

where H(Y ),

Ho(+)KT'

5
[oN)
=
>
e
mn

Ho(+)KBr .




Thus, the basic state clear sky fluxes for the expected cloud top anc

base levels must also be stored in addition to the clear and cloudy : -
basic state heating rate profiles and the clear sky basic state gasec &
effective emittance profiles. The in-cloud infrared heating rate prc--

file may now be computed for a cloudy colum i+l as:

QIRi+% sl = éi_ {H(+)i+%,k + H(+)i+%,k+l - H(+)i+%,k+l
’ j
- H(¥). P - P Al
( )1+%,k} { oL Ok+l} (3 :
for k = KBy, KBy y+1, ..., KT, ;-2, KT, - 1.

This completes the determination of the infrared radiative heat:nvu
rates. In summary, prior to a simulation, basic state vertical prof:.::
of pressure, temperature, water vapor specific humidity, carbon diox
mixing ratio and ozone concentration, both internal and external to -
model domain, are input to the IRADIR broadband infrared radiative
transfer model to generate the clear sky basic state infared fluxes
Ho(+)KBT and HO(+)KT,, clear sky and cloudy sky basic state infrared
radiative heating rate profileleIRo 2nd QIRC, and clear sky profile-
of effective infrared gaseous emi ttance 82(+) andze;(+), which are
all stored in the model for the model vertical domain. The effectiv.
cloud mass absofption coefficient B(4) is prespecified along with th:
conditions to determine the parameters RB(min) and RB(max). The
model diagnosed solar time tSSL then allows the computation of B(¥).
With all these quantities and the prespecified basic state profiles

of pressure, temperature and density and a few physical constants, t .-

appropriate infrared radiative heating rate profile may be computed ':»




each colum in the domain depending on whether a cloud is present in .
the colum or not and depending on the vertical profile of ice water

specific humidity in the column if it is cloudy. The determination is

parametric primarily in the specification of the empirical constants

B(4), RB(min), RB(max) and tB. Effects due to the diurnal variation of

surface and atmospheric temperatures external to the model domain are

o)

SOL

yields a climatological response for the cloud layer and some limited

taken into account in two ways. The parametric quantity RB(t

response in the sub-cloud layer. In addition, the prespecified basic
state fluxes, heating rate profiles and gaseous emittance profiles may
be reinitialized at any time during a simulation by simply redefining
the basic state profile of temperature, water vapor, etc. outside (be-

low) the model domain and reapplying the IRADIR model as noted above.

In this way, the radiative effects of diurnal variations of surface
temperature and lower atmospheric thermodynamic structure may be in-

corporated in a simulation.

3.11.e.: Determination of Shortwave. Radiative Heating Rates

Prior to the initiation of,a simulation, the TRADSW model is ap-
plied to the basic state verticéi prefiles of pressure, temperature,
water vapor specific humidity, carbon dioxide mixing ratio and ozone
concentration, as noted previously, for six prespecified solar zenith

angles,l’m. These solar zenith angles are specified as:

80° 57}1 >7}2 > ... >V

where the range is determined such that 1,“6 is the minimum solar zenith ‘

~—t



angle, which will be encountered during the simulation. Thus, six pro-
files of clear sky basic state shortwave radiative heating rates are
generated, i.e. st(” (@m) fork =1, 2, ..., k-2, K-landm =1, 2,
...y 6. By simple lf;ear interpolation, the clear sky basic state

shortwave radiative heating rate profile at solar zenith angle1ﬂn is

specified as:

ot @) = oP st(” @ 4p) + (1-0") st”) () (3:11.33)
Ok"'l/z : Okl *3 k+2
where
(Xn = (&m' _T}n)
W - m'+l).

f(‘

andﬂi? is the solar zenith angle diagnosed at time step n. Note that:

o
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(3.11.34)

In addltlon, the dovmward shortwave irradiance at the prespecified

expected cloud top level I(+) Qﬁ ) and the total flux convergence in
OkT!
the total atmospheric column above this level A I(+) (#*m) computed. by
oKr!
IRADSW and corresponding to each of the six basic state clear sky

shortwave heating rate profiles are, also, stored in the model. This

allows the determination of Ig+) @™) and A I(+) @") in the same
KT!' Okt

way as noted above for QSW (+) Q}n). All these basic state shortwave

k+s

radiative parameters are based on a consideration of only the downward

direct solar irradiances in clear sky conditions.




Similarly, six profiles of stggl/ (Im) for k = KT', KT'+1, ..., o
K-2, K-1 and six values of A Ié;? (ﬂh)zare determined from application
of the IRADSW model to the basic state profiles. These quantities are
the shortwave radiative heating rate profiles and total flux conver-
gences in the atmospheric column above KT' due to only reflected short-
wave radiation from a reference cloud layer, respectively. The re-
ference cloud top level is KT' and the broadband shortwave reflectance
of the cloud is specified as Pg = 0.61. In the same manner as above,
this allows the determination of stg;i» (#*) and A Ié%? @) and
a 1in) @) 2

For clear columns, the shortwave radiative heating rates are

specified as the basic state downward profiles, i.e.

= ozt @) (3.11.35)

fork =1, 2, ..., K-2, K-1.

The determination of the shortwave radiative heating rate profiles
in columns where a cloud is diagnosed must now be considered.

For the layers above cloud top, the absorption of the downward
direct solar radiation is specified as the value in the clear sky case.
However, the absorption of shortwave radiant energy reflected from
cloud top may be significant and must be considered.

The spectral distribution of shortwave radiant energy in the up-
ward reflected flux emergent from cloud top may be substantially dif-

ferent when compared to the incident direct solar beam due to inter-

actions within the cloud layer, (Welch et al., 1980). At any -




wave length v, the ratio of the short-wave energy absorbed from the
reflected component to that absorbed from the downward beam in the

total atmospheric column above cloud top is given by:

where

R\u - a (u0

L, WO - a (u0)

Py, is the spectral reflectance of the cloud layer and a, is the spec-

tral gaseous absorptance of the atmospheric column above cloud top,

and is a function of the appropriate optical path of the absorbing

gas. Note that the parameter I0 , the incident spectral solar irradi-
Y

ance at the top of the atmosphere, has been eliminated from the numer-

ator and denominator. The optical path parameters are computed as:

ug=u sec ()
and u“ = 1.66 u
where _PKT o
us [ q(p") B
o g

is the vertical optical path and q is the mixing ratio of the absorb-

ing gas. For the moment, water vapor is considered to be the only

gaseous absorber since it is the primary gaseous atmospheric absorber,




(Yamamoto, 1962). Note that u,f corresponds to the vertical optical
path corrected for the path traversed by the direct solar beam at some
solar zenith angle'b% The reflected radiation stream is assumed to be
isotropic and diffuse for the computation u*, (Goody, 1964).

For convenience, the 0.94 pm 1.10 pm, 1.38 pm and 1.87 pm absorb-
ing bands of water vapor are considered as one band, i.e. v = 1.
Similarly, the 2.7 pm, 3.3 pm and 6.3 pm absorbing bands are collec-
tively denoted as v = 2. The absorptance functions a, and a, are

1 2

taken from Yamamoto (1962) and properly normalized to I01 and I02 as
in Welch et al. (1976) for2X = 0°. Welch et al. (1980) give spectral
reflectances for each of the sub-bands at2%¥ = 0° for a number of
optically thick model clouds based on detailed Mie calculations and
Monte Carlo simulations, (their Table 4.8). Their C.5 (bullets) and
C.5 (columns) model clouds yield the most realistic bulk short-wave

radiative cloud properties (i.e. Pg ™ 0.61 and a, ~ 0.14). These

S
values roughly agree with the empirical relation for pg versus ag
proposed earlier. In addition, the microphysical properties of their
model clouds correspond well to the small particle size mode employed
elsewhere in this study. They state that the presence of a large
particle size mode does not substantially alter their results. Thus,
the average properties of these two model clouds are adopted as a
reference case in this study. The mean values of p,, are normalized to
Iov and combined to yield Py = 0.574 and p, = 0.009. Thus, in the

near infrared spectral region, the spectral reflectance decreases

dramatically as wave length increases. It is assumed that for Pg =

0.61, Py and p, are independent of 24




For cirrus clouds (i.e. Pgr ™ 40 kPa), a reasonable range of
expected values of u is ~ 0.01 cm to 0.2 cm precipitable water corres-
ponding to very dry and very moist conditions above cloud top. For
this range of u values, Rlzﬂand Rz%gwere found to be nearly indepen-
dent of u, though there was a distinct dependence on.tlthrough ug

The ratio of the solar energy absorbed from the reflected com-
ponent to that absorbed from the direct component summed over the Vv =

1 and V = 2 bands is given by:

) R1p al(ud) Iolfd) + R2p a2(%ﬂ) Io (&)

R 2
p
a, (0,0 101(11) t a,(uy) 102(71)
Recall that I0 @) = cos@) Io Gﬂ=0°), where Io @1=0°) is specified as
V V Vv
in Welch et al. (1976). For the reference model cloud considered

here, Rp = 0.45, 0.44, 0.33 and 0.23 for21=0°, 30°, 60° and 80°. The
absorption of reflected energy in the Vv = 2 band is negligible and
results in Rp v (2/3) Rlp at anyzx. The 2£ dependence of Rp for the

reference case may be empirically represented as:

RA= 0.44 - 0.287 x 10~ 2 @*-30°) - 0.267 x 1074 (zL3o)2

for 30° <L < 9go (3.11.36)
and ReA= 0.45 for2d < 30°

which is valid over the range of u considered here. This function is
plotted in Figure 19.

For lack of better information, it is assumed that the relative
spectral distribution of reflected solar radiation is independent of
Pg and?£. This is equivalent to assuming that the cumulative effect

on the emergent reflected radiation component of both scattering and
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Figure 19. Empirica.l solar zenith angle dependence function Rg-
See text for definition and discussion.




absorption processes acting within the cloud layer are linearly
related for the absorbing and nonabsorbing bands. Hopefully, this
assumption is not too bad. Consequently, for a given 7/<, Rp is a

linear function of Pg and equals zero at Pg = 0. Thus, employing the

results from the reference case, this assumption yields:

Pg

R =——>_ Rt

p 0.61
where R,{is determined from Equation (3.11.36). Note that the frac-
tional increase in total solar energy absorbed due to water vapor ab-
sorption of the short-wave radiant energy reflected from cloud top is
maximized for small zenith angles and large broadband cloud short-wave
reflectances.

Absorption of solar radiation by ozone and carbon dioxide are
substantially smaller, that due to water vapor and behave analogously
to the v= 1 and v = 2 bands considered here, respectively. Thus, Rp
is assumed representative for all gaseous absorption of the reflected
short-wave component.

The validity of the above expression, when applied to the case of
cirrus clouds, is most crutially dependent on the representativeness
of the results taken from Welch et al. (1980) and the assumption that
p\)/pS = constant at a given V.

The total resultant increase in short-wave radiative heating must
now be partitiéned in the model layers above cloud top. The reference

basic state heating rate profile, QSWéT)@ln), due to gaseous absorp-
k+%

tion of reflected radiation for k = KT°, KT™+1, ..., K-2, K-1 is

utilized. Note that IRADSW assumes Py = P However, for any Pgs

g




the relative vertical distribution of solar heating is representative .

due to the similarity in shape of the various absorptance functions
with respect to u (Yamamoto, 1962). Let:

A 1§¢) ™)
* o KT”
Ro = Ry )
A Io 'an)
KT

Thus, R: A Ié;z &™) is the total convergence due to absorption of
reflected radiation corresponding to ps, where both the spectral
changes and angular redistribution of the radiation stream emergent
from cloud top have been taken into account. R: is, therefore, a

normalizing factor and may be applied directly to the reference case

heating rate profile QSWST) @;n) to yield both the proper magnitude
kt%

and distribution of heating. Thus, if a cloud is diagnosed in column

i+%, then:

QSW, .,y g = stg*) &™) + R stgT) &™) (3.11.37)
2 2 k+% p k+k
for k = KTy, , KT, ,+1, ..., K-2, K-1
where k" =k - (KTi+% - KT,
p a1l e
* Si+y A0 °KT
Ry = 561 Re@) Q) .
A Io @ﬁh
KT~

and Rzl(dn) is given by Equation (3.11.36). Note that as in the case
of the infrared-heating rate determinations, the response of the heat-
ing rates above a locally defined cloud top relative to cloud top
level has been assumed to be distributed as relative to the cloud top

level of the reference case.




Data on the vertical distribution of solar heating within cirrus
cloud layers are virtually nonexistent. Welch et al. (1976), Davis et
al. (1978) and Welch et al. (1980) present data on the vertical dis-
tribution of in-cloud absorption for a few liquid phase model clouds.
In each study, the cloud microphysical properties were assumed
spacially homogeneous. They show that the short-wave radiative heat-
ing is concentrated in the upper portion of the cloud layer. Welch et
al. (1976) show that the shape of the in-cloud heating rate profile
depends to some degree on thé assumed microphysics. A dependence on 24
is also evident (Davis et al., 1978).

It seems reasonable to assume that the vertical profile of short-
wave heating rates is functionally related to the vertical profile of
ice water content vertically integrated from cloud top level. Accord-
ingly, the solar heating of a layer within a cloud diagnosed in grid

column i+% may be expressed as:

o o
N SOl PR
QSW _ i+% KT i+%,k itk kt+1 (3.11.38)
ith,kty T < (o - b, ) ag S
P o k+1 e °.
it
for k = KTi+%_1’ KTi+%_2’ , KB +!’2+1, KBi+l§
where
. KTi+%_1
IWPi+%,k' = jik’ p°j+1 2i+%,j+% (3.11.39)
and g is some distribution shape parameter. Note that the solar
¥
energy absorbed between the KB.+L and KT.+L levels is a ag Ig )
e e i+h KT~
&ﬁn). The last term simply partitions this energy into the various

in-cloud layers.




The profiles of in-cloud solar absorption given by Welch et al.
(1976) and Davis et al. (1978) may be accurately produced by a func-

tion as above. The required values of o, range from ~ 1/3 to ~ 3/4

S

with the largest values associated with small solar zenith angles and
small values of ag- Note that as dg increases, the heating is more

uniformly distributed in the vertical, i.e. not as concentrated in the
upper portion of the cloud. Since it is uncertain exactly how appro-
priate their'results are for cirrus cloud layers and since not enough
data exist to reliably establish the dependence of g on £ of ag; ag

0.5 is assumed for this study. This seems reasonable for the rela-

tively thin ice clouds considered here.

An approach similar to that employed earlier for the reflected
short-wave component may be adopted for the transmitted short-wave
radiation in the subcloud region. Let R\m be the ratio of the trans-
mitted solar radiation absorbed in a layer extending down from cloud
base to level k to that absorbed in clear sky conditions in the same
layer at wave length v, i.e.

R_=R_,t

b VbV

where

. a0 @B - a (g (0 > KT)))
fof Ta g 0> 0 -, (g (05 KBY)

ty is the spectral transmittance of the cloud layer and the arguments

of u and uyf refer to the vertical domain over which the corresponding
u is evaluated (0 incidates the top of the atmosphere). Note that
Io has been eliminated from this expression as before. The expres-

\Y)
sion for R\;v‘ is very similar to the previous expression for R\)

A
Since ij_was nearly independent of u over an appropriate range of u




and since the vertical optical paths within the domain are likely to
be of the same order (i.e. < 0.2 cm), R;ulshould also be relatively
independent of the vertical optical paths. Therefore, it is assumed
that:
R\‘)lﬂéRvJ.
Thus, RVt is assumed to have the same dependence on ¥ as R\p. This
simplifies matters as unlike the case of the reflected solar compon-
ent, multiple vertical structures of u must be considered rather than
simply a reasonable range of single layer values.
From Welch et al. (1980), employing the same model cloud results
and procedures as before, t1 = 0.09 and t2 z2x 10-5 for tS = 0.25,
Pg Z 0.61 and ag = 0.14. By analogy to the reflected case where
(pllps) >> (p2/ps) allows Rp ~ (2/3) Rlp’ let Rt ~ (2/3) th. Combin-~
ing this result with the previous results and approximations allows:
Rt = (tl/pl) Rp = 0.159 R,%
for their model cloud.
Assuming that the relative spectral distribution of short-wave
radiant energy transmitted through the cloud layer is independent of
?* and t_ and noting that Rt = 1.0 for t, = 1.0 is required, the above

S S

result for tS = 0.25 leads to:

;1 - tg i
1.0 )= 35 21 - 0.159 Ry

0

(3.11.41)

whichever is greater. Note that Rt = 0 for t, < 0.10, 0.14 and 0.18

S
when 2% = 30°, 60° and 80°, respectively. Thus, for very optically

thick cloud layers, essentially all of the transmitted solar radiation




is at visible wave lengths and not subject to gaseous absorption in
the subcloud region.

The short-wave radiative heating rates resulting from the absorp-
tion of transmitted solar radiation in the subcloud layers are, there-

fore, determined in cloudy column it as:

(¥) .
SW. = R QSW S 3.11.42
Q i+, ktk ¢ Q ok+%( ) ( )
for k=1, 2, ..., KBi+%-2, KBi+%-1

where Rt is determined from Equations (3.11.41) and (3.11.36) as a

function of tS. . andbLn.
it
In summary, prior to the initiation of a simulation six basic
state profiles of QSW§¢) and QSW§T) and the corresponding values of

I§¢)’, A I§¢)’ and A IgT)’ are computed by means of the IRADSW model
KT KT KT

for the basic state profile of pressure, temperature, etc. for six
prespecified solar zenith angles. The diurnal cycle of these quanti-
ties is approximated by a 1linear interpolation in terms of zenith
angle. In the presence of a cloud layer, the appropriate basic state
radiative heating rate profiles in the subcloud and above cloud
regions are adjusted based on the diagnosed bulk short-wave radiative
properties of the cloud, where the angular and spectral distribution
of the radiation emergent from the cloud layer is parametrically taken
into account. The in-cloud short-wave radiative heating rate profiles
are computed based upon the appropriate incident basic state flux and

the diagnosed broadband absorptance where the distribution is de-

termined parametrically based on the vertical distribution of ice

water.




3.12. Initialization and Procedural Summary

In this section, the overall computational procedure employed in
the model is briefly summarized in schematic form. A logical listing
of all model parameters is, also, presented. Definitions and details
not found in this section may be found in the appropriate section of
this chapter. The required model input parameters and the manner of
initializing the model for a simulation are described here in detail.

The following is a list of all model parameters, where these
parameters have been classified according to their computational
utilization. These parameters have all been defined in the previous
sections. Parameters employed strictly for analysis of model output
have not been included. The temporal and spacial dependencies of the
model parameters are noted in a shorthand fashion. The dependencies
are given within the brackets and refer to all quantities on that
line. The absence of a bracketed quantity denotes constants. The
notation is such that the presence of n, NR or Nc denotes the time
steps at which the parameters are evaluated, i.e. every time step,
only every NR time steps or only every Nc time steps, respectively.
The presence of i or it+% denotes a parameter nominally evaluated at
every dynamic or thermodynamic grid level, respectively. The absence

of a reference to any dependency indicates no dependency.

Physical Constants and Functions:

R)Cyg,S,O,L’

e., N, solar constant
g’ P S

Geometric Constants:

d, h, I, K

B’




Computational Constants:

At, n, £f°, N, N

R® Err

Parametric Constants:

v Kg) Kq’ Ky B(T), tﬁ’ RB(min), RB(max), dg

Initialization Parameters:

JD, ¢, t.0 , KT~

sor» KI's KB",2fm, (8, SR)

Primary Basic State Quantities:

0 9W)O)qoypo)n0,To’

+35 =
00’ o1 9 @ k+% and k = 1,K]

ol
Secondary Basic State Parameters:

QIR , QIR_, 8z(¢), e;(*) osw'") @) (6 Kyl
osv'™ @) (@ Ky > k1)

B u 1) ey A 1Y) ey, A 1Y A
°kt* °kB” °KT” %kt~ okt~

Prognostic (Perturbation) Fields:
é [@ i’ k’ n]

6, q, £ [@ it%, kt), n]

Primary Diagnostic Quantities (Nonparametric):
¢ [@ i, k, n]
t [@ n]

Primary Diagnostic Quantities (Parametric):

V" [@ ith, k+y, n]
Secondary Diagnostic Quantities (Nonparametric):
T, q [@ i+h, ks, N ]

Iwp [@ i+%, kt%, NR]




WP [@ it%, k, Nl
IVE, KT, KB [@ i+, Np]
(¥) N
Qsw;" @h (@ K+, Np)
stgT) @D [@ k+s > KT”, N ]

SO (¥) (1)
taars b I @M, Al @), A1 @& [e N, ]
SOL 7ﬂ OKT' OKT' OKT' R

Secondary Diagnostic Quantities (Parametric):

omr, qsw, asw(®), e (M, en () (@ 14n, ke, w

C, £y, I' [@ i+%, kt%, N ]

2
aswl™ (@ i+, k% > KT, Nl

1) [@ i+, KT > k) > KB, N
1Y (@ i+y, KT > k+% > KB, N ]
RIOJIIO N

€. - %, KB < kt} < KT, Np]

(4 (4 kS .

(1, &, o, ag, g, K, R 1@ ien, N
¥)

The overall computational procedure is schematically outlined in
Figure 20. This flow diagram may be logically partitioned into two
phases, which are the preliminary phase and the simulation phase. The
preliminary phase is broken down into three general areas, i.e. model
setup, input and initialization. The model setup requires that the
physical constants and functions, the geometric constants, the compu-
tational constants and the parametric constants be specified. In
addition, all the functional relationships to determine the parametric
quantities must be specified. The sensitivity of simulations to the
specific choice of the parametric constants and these functional rela-

tionships is established in Chapters 4 and 5.
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Figure 20. TFlow diagram depicting the overall computational proce-
dure employed in the model. See text for discussion.



The initialization portion of the preliminary phase determines
the primary and secondary basic state parameters and initializes the
perturbation fields and primary diagnostic quantities as well as the
radiative term QR. This initialization proceeds from the model setup
and the input parameters. The input parameters are: Tol, pol, RH k,

T or FT and W which are the basic state temperature and pressure
k k

at the lower boundary, the relative humidity (with respect to ice) at

o]

all dynamic and thermodynamic levels, a basic state temperature lapse
rate parameter for each subiayer resolved by the dynamic and thermo-
dynamic grid levels and the basic state vertical velocity. Two op-
tions may be employed for the initialization of the primary basic
state quantities. These are the direct method (input Fok) and the
indirect method (input FTk). The indirect method is discussed
presently. The direct method is a simplification of the indirect
method. Note that both methods may be employed for a given simula-
tion, i.e. some sublayers initialized from the direct method and some
by the indirect method. In each method, the initialization proceeds
from the lowest sublayer, i.e. between the k = 1 and k = 3/2 levels,
to the highest sublayer. An iterative solution for the primary basic
state parameters at the upper boundary of each successive sublayer is
employed.

For the indirect method, the temperature lapse rate of a layer is
initialized as the saturated pseudo-moist adiabatic lapse rate, T,

minus some offset, FT, which is an input parameter. Following from

Hess (1959), the saturated pseudo-moist adiabatic lapse rate is well

approximated as:




€ eS(T)
(@ - eS(T)) T

L
1+ =

T (p, T) = & (3.12.1)
n Cp L 82 eS(T)
1+

N

¢, R, (2 = eg(D) T
at a pressure, p, and temperature, T; where eS(T) and L are determined
as in Appendices A and B, respectively. The pressure at the upper
boundary, Prs of a layer, where the pressure at the lower boundary,
Py, as well as the temperature, T, and water vapor specific humidity,
q, at both boundaries are known, is well approximated as:

pr(pgs Tps Tps aps 93) =

-1 -1
g d |t L. (-8 9" %
R, 2 2 e 2

Py €Xp (3.12.2)

g

where d/2 is the vertical thickness of the layer. The water vapor
specific humidity is given by

eg(T)
qT(P, T, RH) = RH (P—_—e'S(T)) (3.12.3)

where RH is the specified relative humidity (with respect to ice).

Since,

P t D T + T >
. o d T "B T 'B)_
Tp = Tp = (3) 3rm < 5 , 5 rTg (3.12.4)

and iterative solution for the indirect method is readily available.

Let Vv be the iteration index. As a first approximation,

1 -
I =T (P y T )

M °k-3  %k-%

1 d .
T° =T - - (r -T.)
ok ok_l2 2 mk Tk




1 1
() P, =Ppey > T, » T, 50,49 )
Ok T Op-3, %% Oy O)-1,
and qi = qT(pi , T; » RH_ ) (3.12.5)
k k  °k k

where the functions Fm, Py and qp are given by Equations (3.12.1),

(3.12.2) and (3.12.3), respectively, and the values of P0 , T

k-% k-%
q » 'm and RH  are known. The iteration proceeds as:
0, . T 0
k-% k k
p +p v-1 T + T v-1
o, o 0, 4 o
Ve k-% k-%
r =ro0T 2 R 5
m, m
Tov = To - g (r@v - rT )
k k-% k k
A AV, v-1
P, =p; (P y T T, a5 a, )
J% T ok-% 9 ok__,/2 0 ok_,/2
and q;v = qp (p;v, T;v, RH0 ). (3.12.6)
(] k k %k K
The solution is regarded as correct, when:
v -
Mo = o
k k < err (3.12.7)
v
rm
k
and
Y v-1
%, "~ %%
k
-1 < err (3.12.8)
9

where err is some convergence criterion and is usually specified as
0.0001. Convergence is rapid and is usually achieved in one or two
iterations.

For the direct method, the temperature lapse rate is directly

. specified as Fo. Thus,




_ _d '
T =T - ) rok ) (3.12.9) .

Thus, as a first approximation,

1
p. =p, (p » T, T y 0, q )
ok T ok_}2 ok ok_l/2 ok_%
and
qi = qp (pi » To o RE_ ) . (3.12.10)
k k k k
The iteration proceeds as:
v v -1
P, =p, (p , T, T » 4 T, q )
ok T ok_% ok Ok-% ok ok-%
and
\V] AY
q, =4ap (o, » T , RH ) (3.12.11)
k k .k k

where Equation (3.12.7) is utilized to test for convergence.

By employing the appropriate method for each successive level ‘

- 1

(i.e. k =%, 2, %, ..., K=%, K), the primary basic state parameters

To’ P, and q, are determined at all levels. This allows the specifi-

cation of the other primary basic state parameters as:

pok Rg/cP
n = ) o (3.12.12)
o p
k ref
To
and 6 =X (3.12.13)
0k TIO
k
. P,
k
= — 3.12.14
pok R T [(1+tq_ /e)/(1 + q )] ¢ )
& % °k °k
and
1 K
0 = = z 0 . (3.12.15)
00 K k=1 ok




Recall that for the simulation phase, To’ Pos Qs T OO and p, are

required at only the k = 1; k = %, °5,

1

.y K-%; and k = K grid levels.
Though the basic state parameters might be retained for dynamic grid
levels for the computation of the vertical advection terms (rather
than employing interpolation), this is inconsistent with the desired
conservation properties when utilizing the staggered grid. For the
same reason, the input values of TO of FT as well as the initializa-
tion method are required to be the same for the two sublayers adjoin-
ing any dynamic grid level.

Once the primary basic state parameters are deduced, the second-
ary basic state parameters may be determined from the IRADIR and
IRADSW models as described in Section 3.11. Note that this requires
the additional input of vertical profiles of atmospheric pressure,
temperature and water vapor specific humidity for the regions external
to the model domain, i.e. from the surface to the lower boundary and
from the upper boundary to the top of the atmosphere. Similarly,
vertical profiles of carbon dioxide mixing ratio and ozone concentra-
tion are required for the regions both internal and external to the
model domain. In addition, the initialization parameters must be
input.

The radiative term, i.e. QR and its component parts, is specified
as the appropriate clear sky basic state value at all thermodynamic
grid points for the initiation of a simulation. The perturbation

fields of water vapor specific humidity and ice water specific

humidity are initialized as:




Uy kel - (3.12.16) ®

and £i+%, oy =90
fori=1, 2, ..., I-2, I-1 and k=1, 2, ..., K-2, K-1.

In general, the dynamic perturbation fields are initialized as:

Cix=0

and (3.12.17)
Yik =0

for i =1, 2, ..., I-1, 1T and k =1, 2, ..., K-1, K. An alternative

dynamic initialization, which is employed is:

wi,k = ll’ok
1
and . . == W + Y -2 ¢ )
i,k d2 0141 Or-1 O
for k = 2, 3, , K-2, K-1; and
bk =0
— (3.12.18)
Gik=0
for k =1 and k =Kand i =1, 2, ..., I-1, I where the vertical pro-

file ¢o is a model input parameter. Note that this formulation is
k

consistent with the developments in Sections 3.5 and 3.8. This alter-
native initialization allows the specification of a mean lateral wind
component, u, ; which has a vertical shear structure. Note that there

k
1s no mean layer horizontal wind, i.e.

S ¢ =0 . (3.12.19)




The ramifications of this initialization procedure for a simulation
are discussed in the succeeding chapters where it is employed.

The thermal perturbation field is employed to initiate a dis-
turbance. In general, a uniform random number generator (RNDM (SEED))
is used where SEED is the seed number for RNDM. Each call to RNDM

(SEED) yields a fraction RN, where:
-1 <RN <1,

The call is made M = (K-1) (I-1) times yielding a series of uniformly
distributed random numbers RN& where m = 1, 2, ..., M. These are

normalized as:

M
RN = RN@ - 2 RN™ . . (3.12.20)
m =1

The thermal perturbation field is then initialized as:

ei+%,k+% = emax RNm (3.12.21)

where m = i + (k-1)(I-1) for i =1, 2, ..., I-2, I-1 and k = 1, 2,

., K=2, K-1. Now, 6 is the maximum magnitude of thermal pertur-
max

bation which may occur at the initial time and is a model input

parameter. Note that:

I-1 K-1

iil kil ei+%,k+% = 0. (3.12.22)

The initial disturbance is sometimes confined within a limited

vertical region of the model domain, i.e. 6., . = 0 outside the
ith,kt%

initial disturbed region and inside, © is initialized as above.

i+, Kt

Note that an appropriate value of M is chosen and Equation (3.12.21)

is modified in a consistent manner such that Equation (3.12.22) is

true. For the preliminary model testing (i.e. Chapter 4), alternative




thermal perturbation initjalizations were tried, e.g. a warm bubble.
These are described where appropriate.
In summary, the input parameters for a simulation (other than for

the model setup) are: T0 s, P, RH , T or I', , w, © or some

1 o1 ok ok Tk 0 max

alternate thermal pattern, ¢ok if desired, the initialization parame-
ters and the atmospheric environment external to the model domain.

Once the initialization phase is complete, the simulation pro-
ceeds as in Figure 20. Within each rectangle, the computational
procedure given in the appropriate preceeding sections is followed.
Thus, the enclosed operation is performed at all the relevant grid

points before proceeding to the next operation. The rationale for the

overall computational procedure adopted during a simulation is also

discussed in Section 3.7.




IV. VALIDATION OF THE NUMERICAL MODEL

The purpose of this chapter is to present some of the general
model characteristics. In this sense, the model performance is base-
lined. The series of experiments, which are described, provide a
rational basis upon which the choices of specific numerical values
for certain model constants are made. The sensitivity of simulations
to these specific choices are interrelated to varying degrees. Limit-
ed versions of the model are used for many of the simulations reported
here, e.g. a dry version. The sensitivity of the specific parametric
representation of the v*, C and QR terms is deferred until the next
chapter, i.e. until the elementary model is validated. Some compari-

sons to other works are made as appropriate.

The model constants, which are considered here, are:

££° : the initial buoyancy flip-flop weighting factor;
n : the filter factor for the filtered leap frog time
integration scheme;
v : the eddy viscosity;
Ko : the thermal eddy diffusivity;
Kq : the water vapor eddy diffusivity;
K2 : the ice water eddy diffusivity;
NC At the phase change adjustment time scale;
d : the spacial grid interval;
and (I-1)d: the horizontal grid domain.

Except for the diffusivity coefficients, these parameters are purely
computational in nature. As will be seen, the choices of specific

numerical values for the eddy diffusivity coefficients are also par-

tially based on computational consideration.




In the course of performing these experiments, the stated
conservation properties of the finite difference formulations of the
advective terms, as developed in Sections (3.2)-(3.4), were verified.
Conservation of the relevant quantities was found to ten significant
digits. When the advective schemes are coupled with the time integra-
tion scheme, the same accuracy is found for the primary quantities,
e.g. i, 6 or 2. However, trends may be present in squared quantities,
i.e. Cz or (6 + 00)2. This is due to the phase shifting properties of
the filtered leap frog scheme. These trends may be suppressed by the

proper choice of n.

4.1 Time Filter and Buoyancy Weighting Factors

The use of the flip-flop weighting scheme for the evaluation of
the buoyancy vorticity generation term stimulates the time-splitting
computational mode in the leap frog time integration scheme. In this
sense, the choice of ££° and n are coupled to some degree. Though
there are other sources which may stimulate the time-splitting mode in
the full model, it is instructive to consider just these two parame-
ters. The model used for these tests has been stripped of the phase
change, radiative, diffusive and basic state vertical velocity compon-
ents. Thus, the model incorporates only the perturbation advective
terms in the governing prognostic equations for {, 6 and q in addition
to the vorticity generation/destruction term. The ice water equation
is not evaluated.

The model is initialized with a basic state, denoted'BASIC 1 as
depicted in Figure 21. The stability structure is similar to that

commonly observed in conjunction with middle and upper tropospheric

cloud layers in the midlatitudes (e.g. Heymsfield, 1975a; Yagi, 1969
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Figure 21. BASIC 1 initial state for potential temperature Oo;

temperature, T, ; and relative humidity with respect
to ice, RH.. The corresponding basic state static
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and Starr and Cox, 1980). 1In the upper portion of the layer, the
basic state stratification is 4°K/km more stable than neutral, i.e.
psuedo-moist adiabatic. In the central region, the basic state is
neutrally stratified and in the lower portion it is 1.5°K/km more
stable than neutral. The assumed moisture structure is plotted in
terms of the relative humidity with respect to ice, RHI' The neutral
layer is 0.6 km thick. The domain is specified as K = 32 and I = 64,
i.e. 6.3 km in the horizontal. All perturbation fields are initial-
ized to zero except for 0, which is randomly perturbed in the region
from 6.5 km to 7.6 km elevation. The maximum perturbation magnitude
is ~ 0.1°K corresponding ‘to that observed by Heymsfield (1975b) in a
cirrus uncinus cloud. This value is appropriate for the case here
where d = 100 m. The.mean perturbation magnitude is ~ 0.05°K over the
perturbed region.

The previously stated choice of ££° = 3 (section 3.7) is somewhat
arbitrary. This value is sufficiently less than % such that "checker-
board" noise patterns do not persist. In Figure 22, the layer mean
kinetic energy, TRE, is plotted as a function of time for three sim-

ulations employed different value of n for ££° = Y. Kinetic energy is

defined in the usual way as:

2 2

w

i+%, ktd ity k+}

TKE, , .., = —makts , ith,kth
it+%s,kt3 2 2

(4.1)

at thermodynamic grid point (it%,kt%), where for analysis purposes:

1 j(¢i,k P W ? lbi+1,k)§

Uitk k+ly © d 2 2

and

> 2 (4.2)

. _1 3(¢i+1,k P Wkt Y ) g
i+%,kry ~ d '
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Figure 22. Mean layer perturbation kinetic energy, TKE, versus time

for simulations from an identical initial state (i.e.
BASIC 1 and random perturbations of 6) using a model ver-
sion which is identical in each case except for the
specification of the time filter factor, n, and the
buoyancy weighting factor, ff°, (No phase change,
radiation, or eddy diffusion processes inclided).




Now,

1 1" K
S = === z 2 S.. - (4.3)
I'K i=1 k=1 L o k
for any quantity S where I° = I, K" = K, i" =i and k™ = k when S is
defined at dynamic grid points and I~ = I=1, K” = K-1, i~ = i+% and

k” = k+% when S is defined at thermodynamic grid points as with TKE.

As defiped by Equation (4.1), the kinetic energy excludes con-
tribution due to the basic state vertical velocity and is therefore
denoted TKE, i.e. turbulent or perturbation kinetic energy. Recall
that in these simulations V = K6 = Kq = 0.

What is of interest here are the short period oscillations in the
solution, i.e. ~ 2At = 60s. These show the time-splitting nature of
the leap frog scheme. Note that the Euler forward scheme is never
employed once the simulation is initiated. With this initialization,
the simulation should proceed as an adjustment process where potential
energy available via the horizontal gradients of perturbation poten-
tial temperature is converted to kinetic energy. The generated kine-
tic energy may be destroyed by buoyancy forces as is the case of a
positively buoyant bubble penetrating the relatively stable layer in
the upper portion of the domain. In this sense, the kinetic energy is
converted back to potential energy and the net effect has been simply
a redistribution of potential temperature. This end state should be
stably or neutrally stratified every where and horizontally uniform.
Oscillations about this end state are anticipated and physical since

internal gravity waves are produced when a buoyant plane penetrates a

relatively stable layer. Furthermore, since the initial perturbations




are randomly distributed and of varying amplitudes, one may expect
local disturbances to evolve on varying space scales with different
propagation speeds. Thus, even in the continuous case, monotonically
smooth behavior of TKE is not expected. Therefore, the long period (~
8 min) oscillation of the solution is not cause for concern.

What is seen in these simulations is that after ~ 13 minutes some
time-splitting is evident in each case. The amplitude of the time-
splitting oscillation diminishes as n is increased. In the case of
n = 0.10, the oscillation is becoming unstable as time progresses.
However, computational instability due to the time-splitting mode as
in Lilly (1965) was not encountered after one hour of simulated time.
This may be more a fortuitous result of damping due to the structure
of the prescribed basic state than due to the time filter. In either
of the other cases, though time-splitting is evident, no unstable
growth of the 2At oscillation occurs.

For n < 0.25, the mean thermal perturbation amplitude (i.e. 6 ,
which is analogous to (6 + 60)2) amplified with time, while for n >
0.25 it decayed. This is consistent with the results of Asselin
(1972), where a choice of n = 0.25 yielded essentially no phase error
in the filtered leap frog time integration scheme. Note that these
trends were computed by a two time step running mean though this was
unnecessary in the case of n > 0.25 where the 2At oscillations were
not found in (8 + 00)2 to ten significant digits. The same relative

trends were found for §2 and TKE in the 2At averages, i.e. compared to

n = 0.25. It is concluded that for n > 0.25, the solution is computa-

tionally damped, while for n < 0.25 it exhibits some computational
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Mean layer perturbation kinetic energy, TKE, versus time
for simulations from an identical initial state (i.e.
BASIC 1 and random perturbations of 6) using a model
version which is identical in each case except for the
specification of the eddy viscosity, 0, (No phase change,
radiation or eddy thermal or water vapor diffusion pro-
cesses included.)




instability. The choice of n = 0.25 yields the desired behavior of the
advective schemes (Arakawa, 1966).

A different value of ff° was tried, i.e. ££° = 0.45. As seen in
Figure 22, in the case of n = 0.25, the time-splitting mode is smaller
in amplitude than in the case of n = 0.25 and ££° = $- In all re-
spects, the solution was damped in the case of ££° = 0.45 compared to
the case of ff° = % when n=2~0.25, e.g. "8 decreased with time. This
may be attributed to some locking in of "checkerboard" patterns in 6
which prevent the proper generation of TKE. Hereafter n = 0.25 and

o . . . .
ff° = % are prescribed in all experiments unless noted otherwise.

4.2 Eddy Viscosity

The coefficient of eddy viscosity is now considered. Two series
of experiments were performed. In the first, the same basic state and
perturbation initialization, as described in Section 4.1, was employ-
ed. The same model version was used except that the eddy viscosity
term was turned on. In Figure 23, the time dependent behavior of the
ratio [TKE/TKE (max)] is shown for various specified values of yy. The
maximum value of TKE occurred at t .= 4 min in each experiment. Only
the one-minute values are plotted. Thus, the time-splitting mode does
not show up in these plots. The TKE reaches smaller maximum values
and decays more rapidly as v is increased. The ratios of [TKE (max{)/
TKE (max)vzo] were 0.984, 0.968, 0.938, 0.880 in the case of v = 0.25,
0.50, 1.0 and 2.0 m2 s_l, respectively. It is seen that the larger

values of V also increase the damping of the longer period oscilla-

tions in the solution. Increasing the prescribed value of the eddy

viscosity coefficient causes a larger proportion of the TKE to be




found at longer wave lengths as it effectively damps the smallest
waves as time progresses. It also damps the propagation speed of any
thermals which are present and reduces the amplitude of any internal
gravity waves which evolve. In addition, the amplitude of the time-
splitting oscillation in the solution is reduced.

In prescribing the value of v, one is essentially setting a decay
time scale for motions at various scales. In this sense, the rate at
which a giveh disturbance runs down via viscous diffusion is a func-
tion of the wave-length dependent kinetic energy power spectrum, i.e.
a disturbance with most of its energy at the shorter wave length will
decay faster than one which is organized at larger scales for a given
value of V. Given the initialization employed here, most of the
energy is initially concentrated at the shorter wave lengths.

If a disturbance decay time scale T is defined as the time it
takes a disturbance to decay to 1/e of its maximum intensity where the
intensity is evaluated in terms of Tiﬁ, T ~ 50, 36 and 22 minutes for
the simulations with V = 0.5, 1.0 and 2.0, respectively. An alternate
definition of T where §2 is used to evaluate the intensity yields es-
sentially the same results. However, T is not an eddy viscous relaxa-
tion time scale since it includes the effects of buoyancy processes. A
second set of experiments was performed in an attempt to establish an
eddy viscous decay time scale tv for various values of V. The value
of tv is evaluated similarly to T.

These simulations are based on a model version where the thermo-
dynamic and water equations are eliminated. Thus, only the perturba-

tion advection term and the eddy viscous term are retained in the re-

maining prognostic equation for {. The domain geometry is identical




to that noted previously. The initjalization procedure involves
specifying only a perturbation vorticity value at all dynamic grid
points. This was done in a fashion similar to that noted in Section
(3.12) for 6. A different seed number was employed to generate two
initial fields. These fields were substantially different in their
respective random organization of TKE at wvarious scales. In Figure
24, the temporal decay from their initial values of both TKE and §2 is
shown for various specified values of V for each initial state. The
slight damping of the solutions in the cases where V = 0 is due to the
time filter (n = 0.2).

The differences in the rates at which TKE decays between simula-
tions from each prescribed initial state for a given value of v re-
flect the differences in scale organization in the respective initial
disturbances. The value of tv based on TKE is ~ 2 hr and ~ 4 hr for
v = 1.0 m2 s_1 and ~ 19 min and 67 min for v = 5.0 m2 s_1 for the two
respective initial states. The magnitude of Iv in these cases is in-
dicative of the fact that the initial TKE may be dominated by larger
scale motions by virtue of Equations (2.12), (2.13) and (4.1) even
though the initial wave-length power spectrum of CZ is dominated by
the shorter wave lengths. Based on Cz, tv ~ 24 minutes in both of
these cases where v= 1.0 m2 s_l. The value of tv based on Cz is a
better measure of the eddy viscous decay time scale for the smallest
scale resolved motions in these cases.

Observations indicate that for environments, which are similar to

BASIC 1, small scale convective updrafts in cirriform clouds have

lifetimes of order ~ 15 - 20 minutes (Heymsfield, 1975 b, c; Ludlam,
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The initial states are each based on random perturbations of the perturbation vorticity, T.




2

1947). A specification of T = 24 minutes, i.e.V = 1.0 m s-l, seems

A
reasonable since when the thermal and water vapor eddy diffusivity
terms are engaged, the value of T = 36 minutes, noted previously for
v=1.0 m2 s-l, where buoyancy processes are acting, will be reduced.

This is shown in the next section. Hereafter, except where noted,

V=10m s 1 is specified for all simulations. It must be recog-
nized that although the correqunding eddy viscous relaxation time
scale seems reasonable, this is a somewhat arbitrary choice. Asai and
Nakamura (1978) have used the same value in a similar model (d = 100
m) which successfully simulated atmospheric convection in the atmo-
spheric boundary layer. Only analyses of observation data on turbu-
lent quantities at space scales less than 100 m would allow the most
appropriate value of V to be established. Such data do not present-

ly exist for cirriform cloud layers.

4.3 Thermal and Water Vapor Eddy Diffusivities

The choice of specific numerical values for Kg and Kq is influ-
enced by both computational and physical considerations. Recall that
the eddy diffusivity terms represent the physical process of subgrid
scale unresolved transports as described in Chapter 2 and, also, act
to eliminate unwanted computational modes due to truncation errors
resulting from the finite difference approximations to the continuous
form of the advective terms as noted in Section 3.4. Since physically
both the thermal and water vapor diffusion are highly related to the

unresolved turbulent velocity fields and both are properties of the

gas, it seems reasonable to impose the condition that:

K=K =K, . (4.4)




Hereafter, this assumption is always made though not always explicitly
mentioned. The validity of this assumption is further supported by
the computational consideration that the same advective schemes are
employed for 6 and q. The choice of KQ is deferred since £ is not a
gas property and the corresponding subgrid scale turbulent wind field
must reflect the particle nature of the components of £ (e.g. drag
forces). The advective scheme also differs from that employed for ©
or q.

Two series of experiments were performed. The first is similar
to those described in the preceeding sections. The second set of
experiments is an attempt to generate results, which are directly
comparable to the classic experiments of Arnason et al. (1968) on
buoyant convection. The latter experiments are focussed on establish-
ing the computational requirements on Kg

The model employed for the first set of experiments incorporates
all terms in the governing equations except the phase change, radia-
tive and large scale vertical velocity terms. Ihus, the ice water
equation is not evaluated. The initial state is BASIC 1 and the
perturbation fields are initialized as noted previously, i.e. random
perturbations on 6 only. In Figure 25, the time dependent behavior of

[TKE/TKE (max)] is depicted in the case where K is specified as equal

to 0.0, 1.0, 2.0 and 4.0 m2 s—l, respectively. In each case, V = 1.0

m2 s_1 is specified. Again, only the one-minute values are plotted.

As the value of Ke is increased, the maximum value of TKE achieved

]

during a simulation is decreased. The ratio [Tﬁﬁ(max)K/TRE(max)Kzo
is 0.928, 0.862, 0.756 in the case of K = 1.0, 2.0 and 4.0 m® s '

’

271 TkE

respectively. It should, also, be noted that for Kk = 4.0 m" s
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Mean layer perturbation kinetic energy, TKE, versus time
for simulations from an identical initial state (i.e.
BASIC 1 and random perturbations of 8) using a model
version which is identical in each case except for the
specification of the thermal and water vapor eddy diffu-
sivities, k, and k,, respectively. (No phase change or
radiative processes included).




(max) occurs at 3.5 minutes instead of 4 minutes as in the other
simulations.

The effect of the diffusion terms for © and q is to smooth the
respective gradients of these quantities in space. The smoothing is
primarily active on 2d scale waves though as time progresses it af-
fects all scales of the disturbance. Thus, as K is increased, the
horizontal gradients responsible for the buoyant generation of TKE are
reduced. Therefore, not only does TKE (max) decrease as K is in-
creased, but the decay rate from maximum disturbance intensity is
increased. For these simulations, T 2 36, 20, 15 and 10 minutes for K

= 0.0, 1.0, 2.0 and 4.0 m2 s_l. Based on the observations discussed

previously, a value of K = 1.0 - 2.0 m2 s-1 yields reasonable decay
time scales for a disturbance such as simulated here.

An assumption generally employed in first order turbulence
closure schemes is that v = Kg = K- Asai and Nakamura (1978) make
this assumption for a simple first order scheme as here. A comparable
assumption is commonly made in more complicated first order schemes
(Lilly, 1962). The physical basis for such an assumption is rather
tenuous. Fundamentally, the observational information necessary to
justify such an assumption is almost totally lacking in the case of
middle and upper tropospheric cloud layers.

Before choosing Kg> some computational considerations must be

made. Such considerations are particularly appropriate for K where

e)
nonphysical modes in the solution may be readily identified, e.g. the
occurrence of negative values of © in the case of dry convection in a

neutral environment. This type of nonphysical mode results from

truncation errors due to the finite difference approximation of the




advective term, i.e. linear interpolation for midpoint values between
grid points may be inadequate to resolve the true continuous behavior
on this space scale. The diffusion term acts to smooth the field on
this scale such that the interpolation assumption is more valid and
the nonphysical modes are correspondingly suppressed.

The model employed for the following simulations is a dry ver-
sion. Only the governing dynamic and thermodynamic equations are
evaluated. The water terms in the governing dynamic equation, i.e. in
B, are eliminated as are the phase change and radiative terms in the
thermodynamic equation. Also deleted are the eddy viscous diffusion
term (i.e. Vv = 0) and the basic state vertical velocity term. The
eddy thermal diffusion term is retained. This version of the model is
very similar to a dry model reported by Arnason et al. (1968), here-
after denoted A. Their numerical techniques are substantially dif-
ferent than those employed here. The major difference is in the time
integration scheme employed for the thermodynamic equation. They use
the Lax-Wendroff two-step scheme described by Richtmyer (1962).
Effectively, this scheme simulates an eddy diffusion term where the
local thermal eddy diffusivity is diagnosed from the specified values
of d, At and the local wind component. In this sense, their model
incorporates a variable KG' As will be seen later, the advective
scheme, when coupled with the time integration scheme, is consequently
nonconservative in 6. The thermal eddy diffusion term is formally
retained in the model here though it does not formally appear in their

governing equations.

The same spacial domain and grid geometry, noted previously, are

employed. These are identical in the case of d and nearly identical




in the case of I and K to those employed by A. The potential
temperature basic state is initialized to 294°K everywhere, 1i.e.
neutral, and the disturbance is initialized via perturbation potential
temperature to a warm bubble as shown in Figure 26. Again this is
nearly identical to that employed by A. ©Note that the fields are
symmetric about x = 3.15 km. Also, z = hB = 0. The maximum value of
6 is 0.38°K. Recall that this value is much larger than anticipated
in the case of cirriform cloud layers. A time step of At = 15 seconds
is prescribed due to the anticipated wind speeds.

Simulations from this initial state were carried out for four
2 -1

specified values of Kg» i.e. K, = 0.0, 2.5, 5.0 and 7.5 m" s

6 The

simulations were terminated after 20 minutes as the boundary condi-
tions begin to influence the disturbance in an unrealistic manner at
this point. In Figures 27, 28 and 29, the fields of perturbation
potential temperature are shown after 5, 10 and 20 minutes of simu-
lated time, respectively, for each KG experiment. The corresponding
fields of Y are shown in Figures 30, 31 and 32. They are negatively
symmetric about x = 3.15 km. For comparison, the fields of 6 and s
after 5 and 10 minutes of simulated time, which were given by A, are
reproduced in'Figure 33. Note that the units employed here for { are
different by a factor of 102 from those employed by A.

As seen in TFigure 27, the effect of increasing the specified
value of Kg is to decrease the maximum thermal perturbation, which is
very noticeable even after 5 minutes for the values employed here.

Similarly, the growth in the intensity of the circulation is compar-

ably reduced (Figure 30). These effects persist in time as seen in

the remaining figures. It is of note that the thermal pattern evolves
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Figure 26. Initial perturbation potential temperature, 8,
in °C as in Arnason et al. (1968). Note that
the field is symmetric about x = 3.15 km. The
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Perturbation potential temperature, 9, in °C after 5 minutes

of simulated time for simulations from an identical initial
state (i.e. statically neutral basic state and initial ther-
mal perturbation field as depicted in Figure 26) using a dry
model version identical in each case except for the specifi-

cation of the thermal eddy diffusivity, k, = 0.0 (a), 2.5
(b), 5.0 (e¢), 7.5 (d) m® s~1. Note that the simulations are
symmetric about x = 3.15 km. The contour interval is 0.05°C

and the ¥ line indicates the 6 = Q°C contour.
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for simulations of dry convection in a statically neutral environment initialized approxi-

mately as in Figure 26. (From Arnason et al., 1968).




to a mushroom-shaped bubble by 10 minutes (Figure 28). This is very
similar to the results of A (Figure 33). At this time, the first
significant indication of a nonphysical mode, i.e. 6 < 0, occurs in
the center of the disturbance in the case of Kg = 0. After 20 min-
utes, the thermal perturbation pattern has become even more deformed
in all cases (Figure 29). 1In three dimensions, the pattern may be
interpreted as a ring in the horizontal much like a smoke ring. In
the case of Kg = 0, the nonphysical mode predominates in the central
core of the bubble. The amplitude of this mode is substantial. This

region corresponds to the region of highest wind velocity as may be
deduced from Figure 32.

The 6 < 0 mode occurs in each simulation though its magnitude is
suppressed as Kg is increased. This may be seen in Figure 34, where
the minimum value of O occurring within the domain is plotted as a
function of time at one-minute intervals for each simulation. Prior

to t = 8 minutes, the 6 < 0 mode is relatively insignificant in all

cases. In the case of Kg = 7.5 m2 s-1
totally suppressed at all times. The maximum amplitude of the 6 < 0

mode may be tolerable in the case of Kg = 5 m2 s_1 while for Kg = 2.5
2 -1

m s , it is too large to ignore.

, the 8 < 0 mode is almost

The time dependent behavior of the maximum thermal perturbation
is shown in Figure 35 for each simulation. Only the one-minute values
are plotted as the 15-second values are somewhat more noisy. The data
points corresponding to the simulation reported by A are included for
comparison. Physically, each curve should be monotonically decreasing
with time as it is impossible to mix two parcels of air and achieve

a higher potential temperature than either had initially. Again, the
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Kg = 7.5 m2 s_1 simulation almost totally suppressed this

computational mode while the results for Kg = 5.0 m2 s_1 exhibit a
tolerable error. The diffusive effect of the resolved wind field may
be quantified by the decay of Gmax(t) from its maximum value in the
case of Kg = 0. The additional diffusive effect of the unresolved
turbulent wind field, i.e. thermal eddy diffusion, is seen to be of

secondary importance in modulating emax in all cases for the values of

Ke invoked here.

It is of note that vertical wind speeds in excess of 2.5 m s-1

occur after ~ 10 minutes simulated time in all cases. This together
with the fact that the initial thermal perturbation is over twice the
magnitude that is anticipated in the model application here, i.e.
cirriform cloud layers, leads to the conclusion that truncation errors

and the resulting nonphysical modes will be much less of a problem

than in these example cases. For the cirriform cloud application,
where the vertical wind speeds are likely to be less than 0.8 m2 s_l,
Ke ~ 1.0 m2 s-1 yields relative errors comparable to the K6 = 5.0 m2

1
s = case here.
For completeness, the energetics of these simulations are con-

sidered. Following from A, the potential energy is defined here as:
PE = - (6/00) g z (4.4)

and, thus, is a perturbation potential energy and is always negative.

In Table 6, the simulation here with Kg = 5 m2 5 is compared to that

of A. It may be immediately concluded that the model of A is not con-

servative in potential temperature, i.e. 8. As noted previously, this

is a consequence of their formulation of the Lax-Wendroff scheme where




Time [6/8(t=0)] TKE [ (PE(t=0) - PE)/TKE]
(min) (m2 5_2) X 102
0 1.00 1.00 0.0 0.0 - -
5 1.00 1.00 1.3 1.5 1.00 1.01
10 0.99 1.00 5.2 5.1 0.94 1.01
15 0.93 1.00 10.0 9.1 0.88 1.01
20 0.86 1.00 13.8 12.5 0.81 1.01
Table 6. Comparison between the present experiment with Kg = 5 m2 s“1
. (right-hand columns) and that of Arnason et al. (1968)
(left-hand columns). See text for definition and discus-
sion.




the point-point exchanges are not mutually conservative. The model
here is much superior in this regard. The buoyant generation of TKE
is very comparable in the two simulations. The model of A exhibits a
somewhat more intense circulation through the latter stages of the
simulations. As a consequence of the nonconservation of 6, the energy
transformation PE » TKE shows a loss in total energy as time pro-
gresses in the experiment of A, i.e. PE is being lost without being
transformed to TKE. Given this, it is somewhat surprising that their
values of TKE are larger than the values here at most times. However,
this may be explained by noting that their effective thermal diffusiv-
ity may be less than 5 m2 s“1 when averaged over the disturbed region
though it is locally much larger in the core. For example, the Kg =
2.5 m2 s-1 simulation yielded larger values of TKE by about 4% at all
times when compared to the Ke = 5.0 simulation. The seeming gain in
total energy for the present experiment is not actually a gain. The
filtered leap frog scheme employed here leads to a slight damping (n =
0.3) in the TKE. Thus, a small amount of TKE is being continuously
lost after the PE » TKE conversion. This effect is comparable to a
slight eddy viscous damping of the system.

In conclusion, the model performance is very satisfactory to this
point. The simulations show a high degree of realism when considering
the evolution of the shape of a warm bubble in a neutral environment.
In some aspects, nameiy the numerical techniques and the enforcement
of physical conservation laws, the model may be regarded as superior
to some previously reported models of an essentially similar nature.

2 -1

For the application envisioned here, a choice of Kg = Kq = 1.0 m~ s

should adequately suppress nonphysical computational modes arising




from truncation errors. Given the previous choice of Vv = 1.0 m2 sn1

this value gives a reasonable decay time (T ~ 20 min) for disturbances
typical of cirrus cloud layers where only buoyancy forces and eddy
processes are acting (i.e. viscous, thermal and water vapor diffusion)
in the absence of any internal energy sources or external forcing.
Taken together, these choices for Q, Ke and K_ are consistent with
those made by other workers, e.g. Asia and Nakamura (1978) and Lilly

(1965). These values are used in all succeeding simulations unless

noted otherwise.
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APPENDIX A: COMPUTATIOM OF SATURATION VAPOR PRESSURL

The evaluation of saturation water vapor pressure, e is based
on saturation with respect to a plane surface of liquid or ice water
depending on which non-vapor phase is being considered. Effects due to
the shape of the particles or the presence of contaminating substances
are ignored. A sixth order polynomial representation of eS(T) is used.
The polynomial was obtained by fitting,the Goff-Gratch formulation,
which is taken as the standard (List; 1966). The computational economy
of this approach has been well documented (Lowe, 1977). y

The fitting procedure is similar to that emploved by Lowe (1977).
‘The procedure is to pose the problem as a minimization problem where
the coefficients of Chebyshev polynomials are the unknowns. Numerical
techniques are available to solve this problem and are generally avail-
able on most computers. The use of Chebyshev polynomials allows a good
fit over a substantially larger temperature range than is possible with
a more basic polynomial representation. The best fit Chebyshev poly-
nomial is then converted into the form:

e(T) = ag+ay (T+ay (T+a;(T+a, (T+a, (T+ag))) (n)
(')

where eS(T) is in mbvand T is in °K. A good fit over the entire range
of realistic tropospheric temperatures was not possible due to the
cxponential behavior of OS(T). Thus, a number of polynomials were
derived, which are each applicable to a specific range of temperatures.
The derived polynomial coefficients applicable to specific temperature

ranges when considering ice or liquid water phases are given in Tables




Al and A2, respectively. The accuracy of these polynomials when com-
‘pared to the Goff-CGratch formula'.ion is better than * 0.1% over the
noted temperature range.

A similar approach was adopted to represent the derivative of ey

with respect to temperature, i.e.

de (T)
—7— = byt b, (T + b, (T + by (T + b, (T + by (T +1.))))) . (A2)
" The derived polynomial coefficients applicable for various temperature
ranges when considering ice or liquid water phases are given in Tables
" A3 and M, respectively. The accuracy of these fits when compared to

the formulas given by List (1966) are better than + 0.05% over the

noted temperature range.
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TABLE Al: Polynomial coefficicnts for cemputation of e (ice)

Temp. Range = 75°C to - 40°C 59°C to - 20°C - 40°C to 0°C
ag = .2063861920E+04 .9965965426E+04 .3693113251E+05
a) = .6072373651E+02 .2713843220E+03  -.9336988892E+03
a, = . 7454997900E+00 . 3085305704E+01 .9863423592E+01
33 = .4889078071E-02 .18748481141E-01 -.5574396896E-01
a, = . 180674 7948E-04 .6424209891E-04 .1778237564E-03
+
g = . 35679694 33E-07 L1177213769E-06 -, 3037007404E-06
ae = .2942273428E-10 .9015651780E-10 .2170412857E-09
TABLE A2: Polynomial coefficients for computation of e_ (liquid water)

Temp. Range

- 50°C to - 10°C

25°C to + 25°C

10°C to + 50°C

.6165189065E+04
.1667439376E+03
.1886839551Ef01
.1143897897E-01
.3920338183E-04
.7204942038E-07

.5550437565E-10

. 7676749690E+04
.2056793389E+03
.2301179803E+01
.1377392223E-01
.4656025967E-04
.8434798769E-07

.6403236206E-10

.6831653575E+04
.1012101269E+03
.4024185804E+00
-1076593467E-02
.1303140958E-04
. 3714823651E-07

. 3635860564E-10




TABLE A3: Polynomial coefficient: for computations of d e (ice) / d T

Temp. Range

75°C to - 40°C

59°C to - 20°C

40°C to 0°C

.1331727716E+03
. 394744, 3692E+01
.4885191077E-01
. 3231598594E-03
.1205461023E-05
.2404821784E-08

. 2005062406E-11

.4335100895E+03
.1200964475E+02
.1390118584E+00
.8608106940E-03
. 30086384631E-05
.5629640721E-08

L4407720998E-11

.1125524155E+04
.29162880785+02
. 3161616127E+00
.1836491646E-02
.6031171831E-05
.10623151361-07

.7844897550F-11

TABLE A4:

Polynomial coefficients

water / d T.

for computation of

e (liquid

Temp. Range

50°C to - 10°C

25°C to + 25°C

10°C to + 50°C

.5112232690E+02
.1639223720E+01
.2168286602E-01
.1519800912E-03
.5969451501E-06
.1248422426E-08

.1087992994E-11

.4564371585E+03
.1013305498E+02
.9211352474E-01
.4348429226E-03
.1105709261E-05
.1387113002E-08

L61232471064E-12

.1028975624E+04
. 2240655 345E+02
.2016900254E+00
.9563519268E-03
.2501195356E~-05
.3377718061E-08

.1794906427k~11




APPENDIX B:

The value of the latent heat, Li o’ is specified according to

Jo

whether the ice phase or the liquid phase is being considered. For ice
phase sinulations,

1
2.83 x 10°  / xg (B1)
)
k4

[l
il

“J,m

Yo

for 193.16 °K T &£ 273.16 °K

A

For liquid phase simulations, the temperature dependence of the latent
heat is retained for the initiation of the adjustment process but is

ignored during the adjustment process, i.ec.

-1

L. = (3.156 x 106 - 2.4 X 103 T, )J / ke
J’m J”n (/\_/\-//\
for
273.16 °K < T, <€ 313.16 °K (B2)
J,m
or :
6 N
L, = (3.183 x 10° - 2.501 x 10° T, ) i/ ke
J}m J}m N/\_,
for v
224.16 °K < T, < 273.16 (B3)
)
where T, is in °K. The values of LJ m speeified, as above, are
b .

o

accurale to within # 0.1%, when compared to the values given by List

(1966) based on the Coff-Gratch standard formulations.




APPENDIX C

EFFECTIVE RELATIVE FALL SPEED OF ICE WATER

*
The tabular representation of the WW1l5 parameterization for v,
which was derived in Section 3.10 and depicted in Figure 12, is given

below.

6 0.065 0.065 0.065 0.088 0.135 0.177 0.214 0.248 0.279
5 0.307 0.438 0.501 0.540 0.566 0.575 0.583 0.590 0.596
4 0.602 0.637 0.658 0.673 0.684 0.694 0.70L 0.708 0.714
3 0.720 0.755 0.776 0.791 0.802 0.812 0.820 0.826 0.832
2 0.838 0.857 0.894 0.909 0.925 0.937 0.948 0.958 0.966
1 0.973 1.022 1.134 1.213 1.274 1.347 1.409 1.463 1.510

0 1.552 1.559 1.559 1.559 1.559 1.559 1.559 1.559 1.559

_*
Table Cl. Effective relative gravity induced fall speed, Iv |, in

-1 3

_ - *
m s~ as a function of pf in gm °, where |v” [(A,B)

corresponds to (A - 0.5) 1078 < p < (A +0.5) 1078,
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FREFACIMNG REM&RKS
- This proposal has been prepared in a rather unconventiconal bub, in

the author's opinion, effective way. e Bulk of the proposal (Sections

- 4y outlines an ext

ie)

i

I

and Upper Tropospheric Cloudiness.’

national and international relevance to dictate that it be carried aut

.

fowever the scope of the investigation exceeds the ability and rezources
at any one institution or agency to successfully carry out,

The =specific resgarch components whiﬁh I ©the principal investioato
propozs to carry ouf are listed inm Section . These are only a modes
fraction of the ftotal sffort reguiredg to do the complets expesriment, From
several guotes in the proposal it is obvious that this praobliem has the
scientiftic support essential to carry it to 2 zucceszsful concliusion. The

remaining question is -— fAre the ascencies which are capable of supportin

T
~+
-+,
[n]
3
e

such &an with their facilitiesz and rescurces willing to make the

appropriate commitment?

fve investigation of "Radiation and Extended Middie



1.0 HATIOMALE

A
il
I
1]
=3
-t

recommendations from the JOC and WHMO arnd ICSW <tress the need

- for increasing our Knowledge of the radiztive characteristics and the
- temparal and szpatial regimes of extended cloud Fields, CReport of the JGC

nded Cloudiness and the Radiation Budoet.r In

-

Al HOC Working Group on Ex

fa
T

the JOC document fwo chserwaticonal programs have been propossd. They are

STRATEX

=

saling with poundary layer siratus cloud sysitems and STRATEX 11

dealing with extendsd cirrosiratus cloud sevstems. A number of of

-4.
'Zl
"
Iyt

hhave already been mounted or proposed for STRATEX I [i.e. FPaliridge

Fouguart, =t al ., 1723037, In addition, several missi

sions of the U.S.35.R.
ib=18M during GATE explored the radiative characteristics of the
stratocumulus boundary laver regime. The STRATEX I1 regime nas not

received the

m

ame amount of observational attention to dats, largely due

to the requirement for hiogh performance aircratit to reach the cirrus

tavers. HMotable sxcepiionz to this are the CV-%70 and Sabreliner flights

made during GATE for the express uring cirrus cloud

18
)
i
-3
3
1
313
4]
0
s
3
5]
o
1

radiation characteristics. In addition, Kuhn (154320 and Cox (1771, 1%7&0

- fhhave reported results of observations of infrared radiative

[1H
-t

charazcteristics of cirrus cloudes derived from radiometer=onds

obzerwvations. The foltiowing three paragr

I

u_x
o
) l

are guoted directly from the

o+

ivation of the STRATEX

i

report of the JOO &0 HOD Working Group on

Programmes (7 January 17772,

STRATEX I1

aE=§ izt in our understanding of the
graowth and mainfenance of high lewel extended clouds. The

questians that z=till need to be answered involve szuch things
as the relative importance of mean vertical motion and of
turbulence induced by the radiation field around the cloud
itsel+f; and such things as whether there are important
diztin teristi n “frontx]l type” cirrus

iquishing charac
=

2
cirrus blown from the tops of cumulo-nimbusz

In vigw of the jack of Kpowledge of the processes and characte
of upper level clouds, the ad-hoc group agreed that proposals

B}
L




directed fto any (and preferabl n
following areas should be SRCOUraged:

1. Simple m
t

"")3

apping of variability (of the cioud
i

and itz radiative characteristics? in terms
of the meteoroiogical snvironment of the
cloud.

2. Hepresentaltive c: fze inveoluwing

i
d micraophvsics and

. s to investigate the processes
res ible for the gensration, maintenance and
disgipation of the cloud system.
Some of the proposed oprogrammes lisied undp= STEATEX 1 above
contained aipe tz that could invclue the primary goals of
STRATEX I1. Howswver, nonsg of these grogrammes, at least in
their preliminary phase, has oeen spegificaily directed

towards thoze goals.

Again, it i recommended tha
1

to have central objectives &

Thi=z procosal deals wiith STRATEX I objectives. As was pointed out

in the JOC document noted abowve, the specitic radizative an